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Abstract 
Perovskite oxide materials with general formula ABO3 are believed to be 
maximum multifunctional ceramic materials.  Having large natural abundance, the 
structural and compositional flexibility of perovskite materials provides the 
possibility to design new materials with desired properties.  There are a number of 
examples where the precise structure is unknown or where different researchers have 
proposed different structures for the same material.  Understanding the relationship 
between the structure and physical properties is a significant barrier to the 
development of these types of materials. 
As the title reflects, the thesis makes an attempt to depict structural phase 
transitions and corresponding changes of magnetic and electrical properties of 
transition metal oxide perovskites. This aim was achieved by following three central 
threads. The first, to shed light on controversial topics (mainly structural) in current 
literatures, using our accessibility to Australian Synchrotron, neutron diffraction at 
ANSTO and other available facilities at the University of Sydney.  Second line is to 
search for new materials in unexplored areas such as doped SrIrO3 perovskite type 
materials. Third line and major concern for all the materials studied, is to understand 
the factors governing physical properties of perovskite materials focussing mainly on 
structure – property relationships.  
The reported multiferroic perovskite series Sr1-xAxTi1/2Mn1/2O3 has been the 
subject of numerous structural studies, without reaching consensus.   In the current 
work, as described in Chapter 3, the cubic Pm3�m is confirmed for end member 
SrTi1/2Mn1/2O3 in the Sr1-xAxTi1/2Mn1/2O3 ( A= Ca, La; 0  ≤  x  ≤ 1)  series.  The 
Pm3�m  I4/mcm  Pbnm structural evolution was observed with increased doping 
level of Ca.  A cubic Pm3�m  rhombohedral R3�c transition occurred when La is 
substituted instead of Ca. Interesting magnetic behaviours were observed and the 
major contribution to this was concluded to be the mixed Mn4+/Mn3+ ratio. 
Ru and Ir have almost identical ionic radii and behave similarly in many 
ways.  Remarkably the structure and properties of SrRuO3 and SrIrO3 are different, 
for example their structures being orthorhombic Pbnm and monoclinic C2/c 
respectively.  The current study revealed that the divalent transition metal doped 
materials of the type SrR1-xMxO3 (R = Ru, Ir, and M = 3d transition metals) are 
vii 
 
isostructural. This was achieved by the synthesis of a number of new materials of the 
type SrIr1-xMxO3. Therefore, these two series are comparatively described in 
Chapters 4, 5, and 6. The structure and physical properties of the iron doped series 
SrIr1-xFexO3 are found to be different from those of the divalent doped ones, and this 
was even true for Ru analogues. Therefore, Fe-doped SrRuO3 and SrIrO3, based on 
the results of the same level doped materials are presented in Chapter 5.  LaCrO3 is 
considered as a promising interconnect and electrode material for use in solid oxide 
fuel cells (SOFCs).  The impact of Cu2+ doping on the structure, sinterability and 
electronic properties of LaCrO3 are described. 
In order to understand structure property relationships, all the materials 
structurally characterised have had magnetic and resistivity measurements 
conducted. Special attention is given to realise the correlations between structure, 
magnetism, and conductivity. For selected member of all the series, low and high 
temperature structural phase transitions were investigated.  The octahedral tilting 
driven by size effect and octahedral distortion driven by electronic factors are 
described. 
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Outline of Contents 
Chapter 1 
Perovskite type materials and phase transitions in perovskites are described in a brief 
review. This is expected to illuminate the basic environment to understand positions 
of each of the series in the proceeding chapters. 
Chapter 2 
The experimental techniques used to study materials synthesis and their 
characterizations for the project are described. This briefly includes the basic theory 
behind the synthesis conditions and instruments used. 
Chapter 3  
The structural and physical properties studies of the perovskite series                     
Sr1-xAxTi1/2Mn1/2O3 (A= Ca and La) are described. The main focus is given to 
highlight the factors affecting crystal structures and physical properties of the 
materials. 
Chapter 4  
The synthesis and characterization of the series SrIr1-xMxO3 (M = 3d transition 
metals and Mg) is presented highlighting the differences in stabilisation conditions, 
structures, and electronic properties. 
Chapter 5 
Although a part or continuation of the work described in Chapter 4, structures and 
physical properties are different from those of divalent doped ones. Structural phase 
transitions with the changing dopant and temperature were investigated on Fe-doped 
SrIrO3 and SrRuO3. To identify the changes in oxidation states, the Fe L3-edge 
XANES measurements were conducted. 
Chapter 6 
Room temperature structures of the series SrRu1-xMxO3 (M = 3d transition metals) 
were revisited. Variable temperature structural studies were conducted, focusing 
more on x = 0.2 doping level. Special concern is given to realisation of the factors 
governing magnetism by comparing the effect of different transition metals at the 
same level.  
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Chapter 7 
Cu2+ is believed to be a Jahn-Teller active cation in an octahedrally coordinated 
structure. Impact of Cu doping on the structure and electronic properties of  
LaCr1-xCuxO3 is discussed. 
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Chapter 1  
Introduction to Perovskites  
 
1.1 Perovskite structures 
Perovskites are a large family of crystalline ceramics that derive their name 
from a specific mineral CaTiO3 (perovskite) which was named after Russian 
mineralogist Lev Aleksevich von Perovski
[1, 2]
. More recently the name has been 
commonly accepted to describe a class of materials with similar structures and the 
general formula ABX3. In the perovskite structure, the A-type cations are 12 
coordinated and are larger than the 6 coordinated B-type cations, while X stands for 
anion such as O, F, Cl, I, S, N.  The ABX3 perovskite structure consists of a three-
dimensional (3D) network of corner-sharing BX6 octahedra in which the A cation 
resides in the space formed by 3D network of BX6 and surrounded by twelve anions. 
Alternatively, the perovskite structure can be viewed as a superstructure of the ReO3 
framework (Figure 1.1a) built up by the incorporation of A cations into to the space 
between the BO6 octahedra (Figure 1.1b).   
 
   
(a) (b) (c) 
Figure. 1.1 Structural models: (a) 3D network for ReO3 structure showing 
only the atoms in the unit cell; (b) 3D network highlighting the 12 coordinated A and 
oxygen forming AO3 layer (c) for cubic Pm ̅m structure with reduced oxygen anion 
size showing the BO6 octahedra. In all cases the blue spheres denote A-site cations, 
green spheres denote B-site cations and red spheres denote oxide anions. The 
diagrams were generated using Atoms62. 
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The simplest and highest symmetry perovskite structure is cubic in space 
group Pm ̅m. In this, all the atoms occupy general crystallographic positions: atom A 
is at the position 1b(1/2,1/2,1/2); atom B at 1a(0,0,0) and atom X at 3d(1/2,0,0). This 
structure is formed when the sizes of the A, B, and X ions are ideally matched; 
consequently it is often called the ideal perovskite structure. The structure is also 
termed the aristotype cubic as introduced by Helen Megaw
[3]
 (See Figure 1.1c). The 
octahedra in the structure remain connected through corners even when the atoms 
deviate from ideal positions and lower symmetry perovskite structures are stabilised. 
In addition to the conventional perovskite structures described above, there 
are some materials which adopt an inverse perovskite structure. These have a general 
formula of A3BX in which the anion X and smaller cation exchange sites, as seen for 
Ca3AuN, Sc3AlN, IONa3 and many others
[4-7]
. Further, phases such as the 
Ruddlesden-Popper, Aurivillius and Dion-Jacobson phases contain the same 
octahedra units as the perovskite structure. Ruddlesden-Popper (RP) phases with 
general formula of An+1BnX3n+1 (where n is integer number from 1 to ∞) have been 
widely recognized as perovskite class of materials. The n = 1 member has the 2-
dimensional (2D) K2NiF4 structure (for example, Sr2RuO4 is Ruddlesden-Popper 
phase with a motif of SrO layer and SrRuO3 slabs offset at a (
 
 
, 
 
 
 ,0) translation)
[8, 9]
, 
when n = ∞, aforementioned conventional 3D structures are stabilized. For more 
detailed descriptions of Ruddlesden-Popper (RP) phases, refer to references10-12 
[10-
12]
.  The focus of the thesis is on conventional perovskite oxides with 3D network 
structures. Therefore, the general formula of ABO3 and its variants are used for the 
rest of the thesis. 
2.2 Factors Affecting Perovskite Structures 
There are many factors that cause deviation from the ideal cubic structure. 
These include ionic sizes, chemical compositions (chemical doping), nature of 
bonding, electronic structures of the cations, temperature, pressure, 
nonstoichiometry, defects and others. These factors cause deviations from the ideal 
cubic structure through the following three mechanisms
[13]
: (1) cooperative tilting of 
the octahedra; (2) distortions of the octahedra units; and (3) displacement of cations 
within the octahedra. Tilting of the octahedra is the most common of these and is 
generally caused by a mismatch in the size of the cations 
[13-16]
. 
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Size effect is generally quantified through the Goldschmidt tolerance factor (t) 
as defined in equation 1.1 introduced by Victor M. Goldschmidt in 1926 
[17]
. 
  
     
√        
                                                                       1.1 
where   ,   , and    are the appropriate ionic radii of A, B, and X ions
[18]
. The 
tolerance factor is a major indicator not only for predicting the stability of perovskite 
structure but also the degree of octahedra tilting. Perovskites are normally stabilized 
in the range of t = 0.8 – 1.1[17, 19, 20] but can be found for t as low as 0.75[2, 21]. 
Moreover, the A and B-cations must be stable in 12 and 6 coordinate environments 
respectively. These conditions set limits for cation radii, and these are    > 0.90Å 
and    > 0.51Å.
[1, 2]
 
The ideal cubic perovskite structure is generally stabilised when t = 1. In this 
structure, there are no variable parameters other than the unit cell parameter. The 
octahedral units in this structure are perfectly aligned and free from any kind of tilt, 
and are represented as (a
0
a
0
a
0
 ) by Glazer’s notation[22]. A typical, and well known 
example, of this is SrTiO3 with a ≈3.9Å with the Ti atoms located at the corners (and 
in the centre of octahedra) and the Sr atoms at the center of the cubic lattice (see 
Figure 1.1c) 
[23-25]
. It is worth noting here that many lower symmetry perovskite 
materials become cubic at high temperature, details of this will be described in the 
following chapters. 
 In many cases, the optimal A-O and B-O bond lengths are incompatible with 
the cubic Pm ̅m structure, and lower symmetry structures are stabilised.  When the A 
cations are undersized, t < 1, the A-O distance needs to be shortened, and the 
coordination number of the A cation is decreased through correlated tilting of the 
surrounding BO6 octahedra.  Tilting of octahedra was first classified by Glazer and 
the notation he developed has become standard notation in the perovskite 
literature
[22]
.  Glazer’s notation specifies the magnitude and phase of the rotation of 
the octahedra about the three orthogonal axes of the aristotype cubic unit cell. Letters 
indicate the magnitude of the rotation about a given axis; e.g., the use of the letters a, 
b, and c implies unequal tilts about the x, y, and z axes. Superscripts denote the phase 
of the tilt: A positive superscript “+” indicates neighbouring octahedra tilt in the 
same direction (in phase tilt), a negative superscript “-” indicates the octahedra tilt in 
opposite directions (out of phase tilt), and a zero superscript signifies no tilting about 
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that axis. If letters are repeated, that indicates equal tilts around the different axes. 
For example, the tilt system (a
0
a
0
a
0
) represents an undistorted perovskite (Fig. 1.2a), 
as observed for the room temperature structure of SrTiO3. When SrTiO3 is cooled 
below 110K, the rate of shrinking of the Sr-O distance is greater than that of the Ti-
O distance; consequently out of phase tilts occur and the resulting structure is 
tetragonal I4/mcm
[26]
 , with  a tilt system (a
0
a
0
c
- ) by Glazer’s notation (see Figure 
1.2b). In this case there are no tilts about a and b but out-of-phase tilts about c. 
Returning to the tolerance factor, when t < 1, lower symmetry perovskite 
structures are stabilised through octahedral tilting. The number and magnitude of tilts 
generally increases with lower tolerance factors, but the octahedra remain connected 
through corner sharing. When tolerance factor is lower than 0.75, an ilmenite 
structure is stabilised. This structure is different from perovskite, in which the A and 
B cations form layered two dimensional (2D) structure 
[27, 28]
. Since this structural 
type is not in the scope of current study, it is not discussed further in this thesis. 
When t > 1, the B-site cation is too small for corresponding A-cation, and a 
hexagonal perovskite structure is stabilized. In this, the AO3 layers typically adopt 
mixture cubic(c) and hexagonal(h) , or pure hexagonal, close-packed stacking 
sequences
[29]
. The introduction of hexagonal stacking is accompanied by face-
sharing of adjacent BO6 octahedra and by the formation of 90  B-O-B bond angles. 
The hexagonal perovskite structure has been reported for a number of materials 
including BaNiO3, BaTiO3-BaMnO3 solid solutions, BaRuO3 and others 
[29-32]
. In 
some cases, due to the influence of other factors, including electronic factors, the 
hexagonal structure can be stabilised even when t < 1, as seen in SrIrO3. This will be 
described in Chapter 4 of this thesis. 
 As foreshadowed above, while the tolerance factor is a central measure, it is 
important to remember its limitations. It is only a rough estimate and there many 
cases that do not obey this.  Purely ionic bonding is assumed in the estimation of the 
tolerance factor
[33]
. Slight deviations from ideal stoichiometry especially oxygen 
deficiency can greatly impact the validity of the tolerance factor. Other factors such 
as electronic factors and temperature will be discussed in subsequent chapters.  
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Figure 1.2 Representations of the common types of octahedra tilts: (a) for space 
group Pm ̅m - no tilt; (b) for tetragonal space group P4/mbm – in phase tilt along c axis; (c) 
for tetragonal I4/mcm – out-of phase tilt along c axis; (d) for orthorhombic Imma – out-of-
phase tilt along b and c axis; (e) for orthorhombic Pbnm –out-of-phase tilts along a and b 
axes; and (f)  in-phase tilts along c axis. All the structural models were generated from 
refined lattice parameters of various materials studied in the current project. The parameters 
for space group P/4mbm are produced using atomic positions referencing to Table 1.1. 
Tilting directions of octahedra layers are indicated by arrows in (b), (c) and (d). 
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Besides octahedral tilting, other types of distortions originating solely from 
electronic effects also influence the structure. For example, the Jahn-Teller (JT) 
distortion (effect), named after H.A. Jahn and E. Teller
[34]
, can occur for octahedrally 
coordinated B-cations with unsymmetrically d-electron occupancies in the t2g and eg 
orbitals. The JT distortion is particularly relevant for high-spin Mn
3+
  3d
4
 (    
   
 ) 
and Cu
2+
 3d
9
 (    
   
 )  and low spin Ni
3+ 
 3d
7
 (    
   
 )  
[35]
.  In perovskites, there are 
two possible JT distortions depending on the stacking of the elongated octahedra 
along the c axis, a d-type JT distortion and a-type JT distortion respectively. The JT 
distorted octahedra have in-phase arrangement along the c axis for the d-type 
ordering whereas it is out-of-phase for the a-type ordering 
[34-37]
. A quantitative 
measurement of the distortion is given by    in equation 1.2, in which    is the 
individual bond distance between the B site cations and the oxygen anions, and      
is the average of these distances 
[38]
. The octahedral distortion can also be measured 
by the deviation of the bond angle O-B-O on 90
º
. 
      ∑         
 
       
                                                 1.2 
It is noteworthy to point out that perovskite oxides share the general formula 
ABO3 with salts and other class of compounds. For example, despite the resemblance 
between the empirical formulas SrCO3 and SrTiO3, these two compounds are 
structurally distinct. While SrCO3 is a salt that contains the anion    
  , SrTiO3 has 
no discrete     
   species in its crystal structure, in which each Ti
4+
 ion is 
coordinated symmetrically by six O
2-
.  
Oxidation states of the A and B cations in perovskite oxides may be made of 
(1+5), (2+4), (3+3), more complex arrangement can exist in heterovalent doped solid 
solution series of  A1-xA'x BO3 or AB1-xB'xO3. Oxidation states of cations influence the 
perovskite structures, even play crucial role in some cases, because cation sizes, 
electronic configurations, and chemical nature are different in different oxidation 
states.  
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1.3 Structural Phase Transition in Disordered and Ordered 
Perovskite Structures 
Control of the tilting and other distortions enables the structure and properties 
of a material to be optimised, and is an essential aspect of designing new materials. 
Chemical doping is one of the most common ways to explore new materials. Partial 
substitution of the A or B, or both the A and B cations, is employed in the present 
work. Such a substitution eventually gives rises to changes in cation sizes, oxidation 
state, electronegativity etc., and the structure changes accordingly.  
In crystalline solids, the arrangement of atoms shows a general tendency 
towards the highest possible symmetry so that they can attain most stable ground 
state. However several counteracting factors including size mismatch, electronic 
configurations, Jahn-Teller distortions, nature of chemical bonds, and ordering of 
atoms may prevent the attainment of the highest possible symmetry
[39]
. Various 
classification methods have been developed to describe distorted perovskite 
structures 
[13, 14, 22, 40, 41]
.  The most accepted approach to the classification of 
perovskites with octahedral tilting is to consider first the possible tilting patterns and 
then to find the corresponding subgroups. This approach were introduced by 
Glazer
[22]
 who developed a description of 23 different tilting patterns. Recently 
Howard & Stokes reviewed Glazer’s work using group-theoretical analysis. The 
analysis leads to 15 simple and distinct tilt patterns. The group-subgroup 
relationships of their results are shown in Figure 1.3 and some pertinent data for 
these are listed in Table 1.1. 
In the A1-xA'x BO3 or AB1-xB'xO3 substitution systems, when x = 1/5, ¼, 1/3,½, 
2/3, ¾,  it is possible for 1:4, 1:3, 1:2, and 1:1ordering at either the A- or B-sites, or 
even at both
[42-44]
. Ordering is favoured because atoms of the same kind tend to 
occupy equivalent positions
[45]
. Some examples of ordered perovskites include: 
CaCu3Ti4O12 which is an A-site ordered perovskite
[46]
;  Ba3CaSb2O9 is a B site 
ordered triple perovskite
[47]
; Ba2MnWO6, Sr2MoWO6 , Sr2CaUO6, Ba2BNbO6, 
Ba2LiOsO6, Sr2GaTaO6 are  B-site ordered double perovskites
[48-53]
,  NaLaMgWO6 is 
a rare example of an ordered double perovskite with both A and B-site ordering
[54]
. 
Detailed reviews on ordering in perovskite materials are available
[42, 44]
. 
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Figure 1.3 Diagram indicating the 15 space groups that encompass the 
possible symmetries caused by octahedral tilting in perovskites. The presence of a 
line between the space groups indicate where a group-subgroup relationship exists. A 
solid line signifies a transition that is allowed to be continuous and a dashed line or 
no line between space groups indicates a transition that is required to be first order. 
This diagram is modified from Howard and Stokes
[14]
. 
 
Table 1.1 Unit cell descriptions and atomic positions for some space groups 
frequently encountered in the thesis. These are generated by tilting of the BO6 
octahedra of the primitive cubic structure. In general these are for the settings of the 
space groups employed in the group theoretical analysis of Howard and Stokes
[14]
 
Space group 
(Tilt System) 
Unit cell length Atomic Position 
A 
(x, y, z) 
B 
(x, y, z) 
O 
(x, y, z) 
Pm ̅m 
(a
0
 a
0
 a
0
)  
a = b = c = ap 1b (½, ½, ½) 1a (0,0,0) 3d (½, 0,0) 
 
P4/mbm 
(a
0
 a
0
 c
+
) 
a = b ≈  √  ap 
 c ≈ ap 
2c (0, ½,½) 2a (0,0,0) 2b (0,0, ½) 
4g(x, x+½, 0) 
x ≈ ¼ 
I4/mcm 
(a
0
 a
0
 c
-
) 
a = b ≈ √  ap 
 c = 2ap 
4b (0, ½, ¼) 4c (0,0,0) 4a (0,0, ¼) 
8h(x,x+½,0) 
x ≈ ¼ 
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Imma 
(a
0
 b
-
 c
-
) 
a ≈ 2ap 
b ≈  √  ap 
c ≈  √  ap 
4e (0, ¼,z) 
z ≈ ¾ 
4b (¼,¼,¼) 4e (0, ¼,z) 
8g (x,0,0) 
x ≈ ¼, z ≈ ¼ 
Pbnm * 
(a
-
 a
-
 c
+
) 
a  b c 
a≈ √  ap 
b ≈  √  ap 
c ≈ 2 ap 
4c (x,y,¼) 
x ≈ 0, y ≈ ½ 
4a (0,0,0) 4c (x,y,¼) 
x ≈ 0, y ≈ 0 
8d (x,y,z) 
x ≈ ¼, y ≈ ¼ ,z ≈ 0 
Pnma 
(a
-
 b
+
 a
-
) 
a  b c 
a≈ √  ap 
b ≈ 2 ap 
c ≈  √  ap 
4c (x, ¼,z) 
x ≈ ½, z ≈ 0 
4a (0,0,0) 4c (x, ¼,z) 
x ≈ 0, z ≈ 0 
8d(x,y,z) 
x≈¼,y ≈ 0,z ≈ ¼ 
R ̅c 
(a
-
 a
-
 a
-
) 
a = b = c ≈ 
 √  ap 
α= β = γ ≈60° 
2a (¼,¼,¼) 2b (0,0,0) 6e (x, ½-x, ¼) 
x ≈ ¾ 
* Note that Pbnm is the nonstandard setting of Pnma. 
Double perovskites with (1:1) ordering of the two B-site cations are 
commonly encountered. Since the B cations generally determine the physical 
properties of double perovskites, ordering of these has attracted the most attention
[42, 
55]
. There are three B cation ordered sublattice types known for double perovskites: 
random, rock salt, and layered
[42]
.  The B-site (1:1) rock-salt type ordering is 
stabilised when x = 0.5 in AB1-xB'xO3. Rock-salt (1:1) ordering of the octahedral-site 
cations doubles the unit cell of the undistorted ABO3 perovskite, changing the space-
group symmetry from    ̅  to    ̅  which consist of 3D network of alternating 
BO6 and B'O6 octahedra ( see Figure 1.4).  It is then appropriately written as A2BB'O6 
rather than AB0.5B'0.5O3. The value of tolerance factor (t) for double perovskites are 
generally in the range of 0.84 ~1.04
[56]
. Amongst the factors favouring ordered 
structures, large differences in the oxidation states and ionic radii appear to have the 
most influence in the formation of ordered superstructures rather than disordered 
arrangements of two different cations
[42]
. Representative examples include 
Sr2CaUO6, Sr2MoWO6, Sr2CuUO6, and Ba2CaOsO6
[20, 42, 44, 52, 53, 57]
. 
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Figure 1.4 Representation of rock-salt (1:1) ordered double perovskite 
structure A2BB'O6 with space group    ̅ . Blue spheres denote A-site cations, 
green and purple spheres within the octahedra denote the B and B' cations, and the 
red spheres denote the oxide anions.  
 
Howard et al.
[40]
 derived the group – subgroup relationships for ordered 
double perovskites (see Figure 1.5). These were ordered by group-subgroup 
relationships and Landau theory was used to determine if the phase transitions 
between these space groups are required to be first order or if they are allowed to be 
second order in nature
[40]
. Unit cell descriptions and atomic positions for all the 
space groups generated by tilting of the BO6 octahedra of the ideal cubic double 
perovskite are available in the paper by Howard et al.[40].  
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Figure 1.5 Diagram indicating the 12 space groups that encompass the possible 
symmetries caused by octahedral tilting in double perovskites. The diagram is 
reproduced from Howard et al.
[40]
. A solid line signifies a transition that is allowed 
to be continuous and a dashed line or no line between space groups indicates a 
transition that is required to be first order. 
 
It is interesting to note that in some cases, oxides with general formula ABO3 
can adopt a double perovskite structure. For example, BaBiO3 is actually a double 
perovskite with the Bi
3+
 and Bi
5+
 cations displaying a rock-salt type ordering
[58] 
It should be noted that group theory is a useful tool, however experimental 
evidence for the phase transitions is critical, and only once experimentally validated 
can relationships such as those shown in Fig. 1.5 be trusted
[39]
.  
 
1.4 Applications of Perovskites and Motivation of the Thesis Project 
 
Perovskites are arguably one of the important class of materials due not only 
to their wide spread occurrence, but also to their technological significance which is 
by virtue of their interesting and useful properties 
[1, 2, 19-21, 59-61]
.   The broad diversity 
of properties that these compounds exhibit is derived from the fact that all of the 
metallic elements of the Periodic Table are known to be stable in a perovskite
[21]
 . In 
addition to large abundance and compositional variety, perovskite materials can 
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tolerate significant partial substitution and non-stoichiometry while still maintaining 
the perovskite structure 
[19, 21, 62]
. The structural and compositional flexibility of 
perovskite materials provides the possibility to design new materials with desired 
properties. Therefore perovskite materials have attracted extensive and intensive 
interest in many applied and fundamental area of solid state chemistry, physics, 
advanced materials, and catalysis
[1, 2, 19-21, 59-61, 63, 64]
. 
Many perovskite oxides, as ionic solids, present high electrical resistivities, 
which make them useful as dielectric materials. A number of perovskite materials 
such as LaVO3, LaTiO3, SrMoO3, SrVO3-x, and Bal-xLaxTiO3, , which contain B-site 
cations in an oxidation state lower than their most stable one or which contain B-site 
cations in two different oxidation states, are fairly good conductors or 
semiconductors
[2]
. Metallic conductivity and superconductivity have been observed 
in number of perovskite type materials, including SrRuO3, Sr2RuO4, and 
LaBa2Cu3O7-x, Ba1- xKxBiO3 and BaBi1- xPbxO3 
[8, 65, 66]
. 
Perovskites materials exhibit ferroelectricity and piezoelectricity (BaTiO3, 
PbTiO3, PbZr1-xTixO3), non-linear optical behaviour (KNbO3), colossal 
magnetoresistance (La1-xCaxMnO3) and ionic conductivity (LaMnO3 and  
BaCe1-xNdxO3). Perovskites with an ordered cation arrangement also exhibit 
interesting physical properties
[51]
. Examples include Sr2FeMoO6, which exhibits 
half-metallic conductivity
[67, 68]
, and Ba3ZnTa2O9, which is used in mobile 
telecommunication base stations due to its dielectric properties
[69]
 . 
A number of perovskite type ceramic materials are currently being developed 
as potential electrode materials for solid oxide fuel cells (SOFCs)
[20, 70-73]
. One of the 
challenges for electrode materials and interconnect materials for SOFCs applications 
comes from high operating temperature (500 –1000°C). Metals are not ideal for high 
temperature, especially for oxidation reactions. Consequently, perovskite oxides 
have been targeted 
[20, 71, 73]
. For example, lanthanum chromite (LaCrO3) has a high 
melting point (2490°C) and high electrical conductivity, especially when doped with 
a variety of acceptor-type cations such as magnesium, calcium and strontium
[74, 75]
.  
Some perovskite oxides with high melting points also exhibit a number of interesting 
properties including heterogeneous catalytic activity. Perovskite type materials are 
attractive in this application due to their lower cost, thermal stability as well as  
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flexibility in their composition and structure. For example, LaCrO3 and 
 La1-xSrxMn1-yPtyO3 are used  as heterogeneous catalysts for converting toxic CO and 
NOx in auto-exhaust gas into non-toxic states as shown in Equation 1.3
[76, 77]
. 
LaCoO3, LaAlO3, and LaFeO3  are used as catalysts for the hydrogenation of  
alkenes (see Equation 1.4) 
[78]
 
               
        
→      
 
 
                           
           
        
→                                                          
 
The literature on the properties and applications of perovskite materials is 
enormous, with books and review articles available describing both general 
properties and specific applications 
[20, 59, 61, 79]
.  Only a fraction of examples is given 
in Table 1.2, but this table demonstrates the versatility of the perovskite structure, 
and the wide range of properties and consequent technological applications.  
The properties of perovskite materials are related to their structures and 
sometimes to their proximity to structural phase transitions, which are sensitive to 
chemical composition, oxidation states and other external conditions such as 
temperature. One of the major characteristics of perovskites is the possibility for 
multiple chemical substitutions in all of the A, B and O sites. These characteristics 
allow us to fine tune the range of properties and design new materials with desirable 
properties. With skilled chemical manipulation, it is possible to produce an 
incredibly wide array of phases with totally different functions. 
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Table 1.2 Representative perovskite materials and their (proposed) applications. 
Room temperature structures are given in the table. 
Materials Structure Properties & Applications 
SrTiO3 Pm ̅m Insulator, Relaxor, Capacitor, Microwave 
device, photo-catalyst
[80]
 
BaTiO3 P4mm Ferroelectric, high dielectric, 
piezoelectric. multilayer capacitor, 
waveguide modulators 
[19]
  
LaCrO3 Pbnm High melting point (˃2400  C); Metallic 
Conductor, SOFCs
[20, 74, 81]
 
Ba2YCu3O9-x  Pmmm High TC superconductor
[66, 82]
 
SrRuO3 Pbnm Ferromagnetic, metallic conductor
[83]
 
BiFeO3 R3c Multiferroic (ferroelectric, ferroelastic and 
weakly ferromagnetic)
[84, 85]
  
LaMnO3 Pbnm Giant magnetoresistance
[19]
 
MgSiO3 Cmcm Major constituent of earth
[86]
 
LaFeO3 Pbnm NOx sensor, catalytic converter
[78, 87]
 
Nd: YAlO3 Pbnm Laser host, phosphor
[88, 89]
 
La (Sr)MnO3 Pbnm Auto-exhaust gas catalyst
[77]
 
KNbO3 Bmm2 Dielectric, piezoelectric, non-linear optic; 
second harmonic generator
[19, 90-92]
 
Ba3W2O9 R ̅c Blue photo-luminescence
[2, 93]
 
 
Variable temperature structural studies are discussed in this thesis, because it 
is considered an easier way to realise structure – property relationships while 
chemical compositions are kept unchanged. For example, the ferroelectric behaviour 
of BaTiO3 has a strong relationship with its crystal structure. As shown in Table 1.3, 
Chapter 1 
15 
 
above 393K, BaTiO3 crystallises in cubic perovskite structure. This cubic crystal has 
a centre of symmetry and does not exhibit ferroelectric property. In the range of 278-
393K, the BaTiO3 lattice is transformed to a tetragonal system where the unit cell 
has the axial ratio c/a > 1. The displacement of Ti
4+
 from its centrosymmetric 
position in the unit cell creates a permanent electric dipole and consequently material 
exhibits ferroelectricity. In the temperature range of 193-278K, the atoms in the 
BaTiO3 crystal undergo further shifts, and the lattice symmetry is reduced to 
orthorhombic system. This crystalline modification has spontaneous polarisation 
with ferroelectric properties. The high dielectric constant observed in BaTiO3 can be 
explained on the basis of its anisotropic crystal structure
[20, 82]
. 
Table 1.3Temperature dependence of crystal structure and properties of 
BaTiO3 perovskite
[82]
 
Temperature ~ 193K 193~ 278K 278~393K 393K~ 
Lattice system/ 
Space group 
hexagonal 
P63/mmc 
orthorhombic 
Amm2 
tetragonal 
P4/mm 
cubic 
Pm ̅m 
ferroelectricity no yes yes no 
 
The electronic properties of transition metal oxide perovskites are governed 
mainly by the electronic band structure near the Fermi energy. This is dominated by 
states derived primarily from the transition metal d orbital and oxygen 2p orbitals
[55]
. 
It is the corner sharing octahedral framework connected by B-O-B or B-O-B' linkage 
that form the basis of its electronic structure. Typically the A-site cations do not 
contribute significantly to the density of states (DOS) near the Fermi level. However, 
the nature of the A-site cation has an indirect effect on the band structure; a change in 
the A-cation size, for example, can significantly alter the tolerance factor leading to 
octahedral tilting
[14-16]
, which affects the bond angles of the B-O-B or B-O-B' 
linkages. Changes in bond angle can alter the effective orbital overlap (covalency) 
and bandwidth significantly, and thereby, the physical properties
[59]
. Besides, 
electronegativity of A cations, ligand field splitting of d orbitals and Hund’s coupling 
also play vital role in controlling the physical properties of perovskites. But their 
contributions vary according to the peculiarities of each particular material. 
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Although perovskite type materials are well studied, there are still unexplored 
areas, such as B-site doped SrIrO3 which is discussed in Chapter 4 and 5. There are a 
number of examples where the precise structures are unknown or where different 
researchers have proposed different structures for the same material. A typical 
example for this is SrTi0.5Mn0.5O3 and its A-site doped variants. Chapter 3 addresses 
the issues in these based on synchrotron X-ray and neutron diffractions, XANES, 
and other measurements on physical properties. Understanding the relationship 
between the structure and physical properties is a significant barrier to the 
development of these types of materials. The thesis makes an attempt to understand 
structural phase transitions and corresponding changes of magnetic and electrical 
properties of transition metal oxide perovskites. For all the materials studied in this 
thesis, special attention is given to understand the factors controlling the structure, 
electronic properties, and the structure – property relationships.  
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Chapter 2 
Experimental Techniques 
2.1 General Introduction  
Materials synthesis, characterisation, and properties are directly linked to the 
physical state of the sample. A brief summary of the methods employed in this work 
is given here to facilitate the understanding of the content of this thesis. Most of the 
topics covered here are fundamental and widely available in many text books. 
Therefore no attempts have been made to cite the original source for each separate 
method, instead the reader is directed to appropriate text books 
[1-4]
.  
Matter, by traditional classification, exists in one of the 3 basic states: 
gaseous, liquid, or solid. Under specific conditions, only one of the states is typically 
stable for a substance. Phase transitions happen when the conditions are changed. 
Atomic distances in the three states are largely different which in turn determine 
bonding, interactions and properties.  
Atoms or molecules in gases are well separated with no regular arrangement, 
the distances between the particles are large and changeable, and particles move and 
vibrate freely at high speeds. In liquids the molecules are close together but with no 
regular arrangement. In general solids are tightly packed (called close packed), 
interatomic distances are small (1 ~ 3 Å) and the atoms/ions are closely bonded or 
attracted to each other, usually in a regular, rigid pattern. These attractive forces are 
strong so that the atoms can only vibrate and can not easily move away from one  
another (Figure 2.1). 
 Most of the important reagents are liquids, gases or solutions, but these 
constitute only a small proportion of common inorganic compounds. Most of the 
elements (some 90 percent) are solids at ambient conditions and this is also true of 
the majority of inorganic compounds. The materials of interest in this thesis, 
transition metal oxide perovskites are all solids at ambient temperature and 
pressure
[5]
.  According to their atomic arrangement, solids can be classified as 
amorphous or crystalline, and the present work focuses on crystalline materials. 
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(a) gas (b) liquid (c) solid 
Figure 2.1 Schematic microscopic model for (a) gas (b) liquid and (c) solid 
for an AB type diatomic substance. 
Interatomic distances influence interactions between atoms and even control 
the properties of solids. The interatomic distances in crystalline solids are generally 
in the range of 1 - 3Å, and their 3-dimensional long range ordered structures enable 
them interact with electromagnetic radiation with a comparable wavelength. X-rays 
are photons, i.e. electromagnetic wave, with a wavelength in the range of 0.1 to 100 
Å which covers the required wavelength. In general the term crystallography refers 
to X-ray diffraction, although other techniques including neutron diffraction, SEM, 
and XANES can provide similar or complementary information. A general outline of 
the experimental protocol followed in the present work is depicted in the following 
diagram (Figure 2.2). Each step will be described below. 
 
 
Figure 2.2 Schematic diagram for experiments described in this thesis. 
2.2 Synthesis  
There are number of ways to synthesize materials among which the 
conventional solid state synthesis method is the most widely used in preparation of 
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polycrystalline solids from the direct heating of solid state starting materials. One of 
the advantages of the solid state reaction is that the starting materials react without 
the presence of a solvent. Solids do not react together at room temperature over 
normal time scales and it is necessary to heat them to high temperatures, often from 
500 to 2000 °C in order for the reaction to occur at an appreciable rate.  
In this method, stoichiometric amounts of commercially available starting 
materials (carbonates, oxides, and pure metal powder in some case) are accurately 
weighed out, then mixed and heated. For manual mixing of small quantities, an agate 
mortar and pestle was usually employed. As for the example equation (2.1) below, 
the mixture is first heated to decarbonate the SrCO3. This is followed by regrinding, 
pelletizing, and reheating up to temperatures of >2/3 of the melting point of the 
solids for periods of up to several days, with intermediate regrinding-pelletizing, 
until single phase sample is obtained. The sample purity can be readily monitored 
using X-ray diffraction. 
SrCO3(s) + 0.8 Ir(s) + 0.2 MgO(s) + 0.9 O2 (g)  SrIr0.8M g0.2O3(s) + CO2(g)    (2.1) 
Synthesizing homogeneous pure samples is the key to the present work. It 
should be recalled here that most inorganic solids are generally regarded as ‘inert’ at 
room temperature because reaction is too slow or limited. The main reason for this is 
that atoms/ions in inorganic solids are bound together by both ionic and covalent 
forces; even their vibration is limited in the rigid structure. Therefore, solids can only 
react at high temperatures and at the interface/boundary of layers of different solids, 
or in the case of a solid-gas reaction, reaction occurs at the solid-gas interface, 
namely at the surface and inside pores. Heating can increase the vibration and 
facilitate the diffusion of atoms from one site to another while fine grinding 
increases the surface area to maximise the contact between reactants and to help 
transport phases and interchange boundaries. Pelletizing also plays an important role 
in solid state synthesis by creating intimate contact between crystallites, increasing 
the area of contact between grains, and controlling the solid-gas contact area.  
2.3 Powder Diffraction  
The majority of the samples synthesised in this project appear identical; they 
are black powders. However, X-ray and neutron diffraction probe the arrangement of 
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the atoms in these. Therefore, X-rays and neutrons are widely used throughout the 
project. 
The monitoring of the reactions was performed by X-ray diffractometer. This 
was invaluable in determining the correct heating procedure to synthesis the pure and 
crystalline powder samples required in this study. While this conventional X-ray 
diffraction is adequate for assessing sample purity, synchrotron X-ray diffraction 
and/or neutron diffraction are superior techniques for the determination of structures 
of complex metal oxides such as perovskites. Once high quality samples were 
obtained, synchrotron X-ray and neutron diffraction were used to determine the 
structures of these compounds.  
 
2.3.1 X-ray diffraction (XRD) 
 
X-rays were discovered by German physicist, Wilhelm Röntgen in 1895, for 
which he was awarded the first Noble Prize in Physics in 1901. Though many 
referred to these as "Röntgen rays", he gave them the name ‘X-rays’ because of their 
unknown nature at the time.  This was followed by the work by von Laue in 1912 
who showed that solid crystals could act as diffraction gratings to form symmetrical 
patterns of "dots", whose arrangement depended upon how the atoms were arranged 
in the solid. It was soon realized that the atoms formed "planes" within the solid. In 
1913, Sir William Henry Bragg and his son, William Lawrence Bragg, analysed the 
manner in which such X-rays were reflected by planes of atoms in the solid
[6]
. 
 
Figure 2.3 Bragg’s Law 
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The Braggs reasoned that constructive interference would occur only when 
the path length difference between rays scattered from parallel crystal planes is an 
integer number of wavelengths of the radiation (see Figure 2.3). When the crystal 
planes are separated by a distance d, the path length difference would be 2dsinθ. 
Thus, for constructive interference to occur the following relation must hold true.  
nλ = 2d sinθ                          (2.2) 
This relation is known as Bragg's Law. Thus for a given d spacing and 
wavelength, the first order peak (n = 1) will occur at a particular θ value. Similarly, 
the θ values for the second (n = 2) and higher order (n > 2) peaks can be predicted. 
Note that this phenomenon is common only in crystals. If there is no repetition (no 
long range ordered pattern as in truly amorphous materials), there is no diffraction 
pattern.  
X-rays used for X-ray diffraction (XRD) can be generated in many ways. The 
two most commonly used methods, the X-ray tube method and synchrotron X-ray, 
are introduced here. The X-ray tube method is actually Röntgen’s method and is 
mostly used in laboratory X-ray diffractometers. In this method, X-rays are produced 
when high-speed electrons collide with a metal target. The electron source, a 
filament, is heated to produce electrons which are then accelerated in vacuum by a 
high electric field in the range 20-60 kV and hit a metal target (anode), Cu in the 
current study, producing both continuous (bremsstrahlung) and characteristic X-rays 
(see Figure 2.4a). The characteristic Cu X-rays have wavelengths Kα1 = 1.5406Å, 
Kα2 = 1.5444Å,  Kβ1,3   = 1.3922 and Kβ3  = 1.3926Å  in an approximate intensity 
ratio of 100:50:30:15
[7]
. Since the wavelengths of the two Kβ lines are very close, 
they are generally treated as one wavelength described as Kβ, see Figure 2.4b. 
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(a) (b) 
Figure 2.4 (a) X-ray production on a conventional X-ray tube, and (b) Cu X-
ray emission spectra
[4]
  
 
Figure 2.5 Set up of the PANalytical X-ray diffractometer used for 
monitoring phase purity. Top part of the diagram was taken from the PANalytical 
website (http://www.panalytical.com/XPert-Powder/Specifications.htm).  
 
In X-ray diffraction, monochromatic radiation (single wavelength) is 
required, usually Kα1, the most intense of the characteristic X-rays, is selected. In an 
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XRD pattern, Kβ and Kα2 will cause extra peaks, and shape changes.  They should be 
eliminated by adding filters. Kβ lines can be filtered out using a filter made of a thin 
metal foil of the element with one atomic number smaller than the X-ray source 
element, such as Ni filter for Cu radiation. Removal of the Kα2 line is not as simple. 
Most of the conventional (laboratory) X-ray diffractometers, including that used in 
this work are not monochromatic and contain Kα1+Kα2 lines.  
In the current thesis, powder X-ray diffraction patterns were collected on a 
PANalytical X'Pert PRO X-ray diffractometer using Cu Kα radiation and a PIXcel 
solid-state detector.  Whilst mainly used to monitor the progress of the reactions, and 
to determine when a reaction had reached completion, it was also used to survey for 
high temperature structural phase transitions to inform measurement strategies for 
high temperature synchrotron X-ray diffraction (SXRD) analysis.  
For monitoring phase purity, finely ground samples were placed in sample 
holders with silicon sample plates, and pressed with glass slides to obtain a flat 
sample surface, see Figure 2.5. 
Diffraction patterns were initially collected in steps of 0.013º (2θ angle) in 
the range of 15-120º (2θ angles) for all samples using a continuous scan rate of 
1º/minute (2θ angle). When necessary, higher quality patterns were obtained by 
increasing the scanning time and/or decreasing the step size. Typically the 
diffractometer was operated at 45.0 kV and 40.0 mA, with 1.0º divergence and 
scatter slits and receiver slit 0.6 mm. Typically, because of the modest signal-to-
noise of this instrument, diffraction patterns were collected using step scans in 
intervals of 0.013° with a collection time per step of 2-3 seconds. Temperature 
control from room temperature to 900  was achieved using an Anton Parr XRK 900 
Reactor Chamber.  The sample was allowed to equilibrate for five minutes after 
reaching each measurement temperature.  Each pattern took around 10 minutes to 
collect. 
In the analyses of the conventional XRD data, it is possible to overcome 
complications due to the extra reflection from Kα2 radiation, either by correcting the 
data (Kα2 subtraction) or by modelling the data.  However, due to the presence of 
Kα1 + Kα2 radiation, conventional X-ray diffractometers can produce relatively 
broad diffraction peaks with asymmetric shapes, leading to complicated peak 
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profiles. It can be hard to distinguish peak splitting when two or more peaks appear 
very closely together in the diffraction pattern due to small differences in the lattice 
parameters. Filtering of the beam, or the use of X-ray optics, is usually employed to 
reduce the impact of the unwanted wavelengths in powder diffraction data; usually at 
the expense of intensity. The anodes available for laboratory X-ray sources are 
restricted to specific elements that ultimately limit the range of X-ray wavelengths 
available for experiments. These limitations make a strong case for using a 
monochromated light source. It is expected that the lattice parameters and crystal 
data can be determined more accurately using monochromatic synchrotron X-ray 
diffraction. Such diffractometers typically have higher angular resolution with more 
symmetric peak shapes. 
Synchrotron radiation is a modern advanced light source that can overcome 
the above mentioned limitations of conventional XRD.  X-rays produced from 
synchrotron light sources are continuous over a broad range of wavelengths and 
therefore offer flexibility for powder diffraction experiments. X-rays produced from 
synchrotron sources also have significantly higher intensity than laboratory sources. 
This improves the signal-to-noise ratio and in combination with a modern solid state 
microstrip detector, rapid, in situ data collection regimes can be considered. Several 
kinds of experimental configurations are feasible at a synchrotron. The narrower and 
relatively symmetric peak shapes have the consequence that the decomposition of 
peak intensities is more reliable and easier 
[8]
.  
The Australian Synchrotron, located in Melbourne, is an advanced third- 
generation 3GeV light source with a high quality, low emittance, stable electron 
beam that generates synchrotron light of high brilliance. High-resolution synchrotron 
X-ray powder diffraction investigations were performed using the powder 
diffractometer on 10BM-01 at the Australian Synchrotron 
[9]
 which is equipped with 
a MYTHEN microstrip detector. X-rays in the energy range of 5 to 30 keV (2.48 Å 
to 0.41 Å) are available on this bending magnet beamline. The beam passes through 
a series of beryllium windows, various apertures and slits before striking a Vertically 
Collimating Mirror (VCM). The VCM is used to eliminate higher harmonics of the 
wavelength being employed in the experiment. After passing through the VCM, the 
X-ray beam is then guided into a Double Crystal Monochromator (DCM). The DCM 
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is equipped with two interchangeable crystal sets: a flat Si (111) set, providing an X-
ray energy range between 5-21 keV and a sagittally bent Si (311) set for energies 
between 7-30 keV. In the present work only the (111) set was used. After the 
wavelength is selected, the X-rays reach the Vertically Focussing Mirror (VFM), 
which focuses the beam in the vertical axis before entering the experimental hutch, 
where the horizontal and vertical slits can typically produce an unfocussed beam size 
of 3 mm   1 mm or a focussed beam size of 0.5 mm   0.5 mm (horizontal   
vertical).  
For the sample preparation, finely ground powders were loaded in 0.2 or 0.3 
mm diameter capillaries that were rotated during the measurements to improve 
particle averaging. Capillaries with 0.2mm diameter are used for samples rich in 
heavier metals such as iridium to reduce the effect of absorption.  Most of the data 
were collected at room temperature in the angular ranges of 5 to 85° (2θ angles) 
using X-rays of energy ≈ 15 keV as established using NIST LaB6 standard. Variable 
temperature data (300K – 1270K) were collected using a Cyberstar hot-air blower 
(see Figure 2.6). The low temperature measurements (85K – 300K) were undertaken 
using an Oxford Cryosystem.   
 
 
Figure 2.6. Experimental set up for high resolution synchrotron powder X-ray 
diffraction at the Australian Synchrotron. 
2.3.2 Neutron Diffraction 
In this thesis two neutron diffraction facilities were used. These are High 
Resolution Powder Diffractometer(HRPD), Echidna 
[10]
  at the Australian Nuclear 
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Science and Technology Organisation (ANSTO), and time-of-flight (TOF) type 
super HRPD at the Materials and Life Science Facility(MLF) of the Japan Proton 
Accelerator Research Complex (J-PARC)
[11]
. 
There are two main methods of generating neutrons suitable for use in 
neutron diffraction experiments. The first of these is from the fission of a heavy 
nucleus, typically 
235
U, in a nuclear research reactor. The other means of generating 
neutrons involves the use of a spallation source where a heavy metal target is 
bombarded with high energy protons generated by a particle accelerator. Upon 
collision enough energy is imparted to the target to produce spallation neutrons. Both 
of these methods produce neutrons that are too high in energy to be immediately 
used in a diffraction experiment. Therefore the neutrons are passed through a 
moderator, such as heavy water, to reduce their energy, and hence increase their 
wavelength, to the order of 1 Å. 
Since particle accelerators produce protons in bursts, neutrons made with this 
type of source occur in pulses. This gives rise to the fundamental difference between 
the neutron diffraction measurement at reactors and spallation sources. In the case of 
diffraction at a reactor, the Maxwellian distribution of neutrons is passed through a 
monochromator to reduce the neutrons incident on a sample to a single wavelength. 
Typically the detector is then moved during the measurement to collect a diffraction 
pattern. By comparison, at spallation sources the bunched nature of the neutrons 
arriving at the instrument allows the use of neutrons with a wide range of different 
wavelengths, with the neutrons being separated by their velocities. This allows 
diffraction patterns to be collected without moving the detector because each of the 
different neutron wavelengths will diffract off (hkl) planes in the structure with 
different d-spacings. Diffraction using this technique is known as time-of-flight 
(TOF) neutron diffraction while neutron diffraction using a single wavelength is 
known as continuous wave diffraction. In this thesis both types of neutron diffraction 
were used. The High Resolution Powder Diffractometer, Echidna 
[10]
  at the 
Australian Nuclear Science and Technology Organisation (ANSTO), Lucas Heights, 
is a good examples of a reactor-based constant wavelength (CW) neutron 
diffractometer. The super HRPD instrument in Japan used for the thesis is an 
example of a TOF neutron diffractometer
[11]
. 
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The wavelength range available at Echidna ranges between 0.8 and 3.3 Å 
[10]
. 
Thermal neutrons emerge from the reactor via a super mirror neutron guide and are  
directed into the guide hall and passed through Söller collimators which decrease the 
divergence of the beam and improve the angular resolution of the instrument.  The 
neutron beam then reaches the germanium crystal monochromator that is made up of 
23 blocks of germanium single crystals, oriented along the (335) direction. The 
wavelength is selected by varying the monochromator take-off angle. The sample 
was sealed in a vanadium canister and mounted in the centre of the neutron beam. 
The detector array is rotated around the vertical axis of the sample. The wavelength 
of the incident neutrons, obtained using a Ge 335 monochromator, was 1.622 Å as 
determined using data collected for a certified NIST SRM676 Al2O3 standard. The 
diffraction pattern is collected using a set of 128 position sensitive detectors, each 
equipped with a 5’ collimator. The samples were rotated continuously about the 
vertical axis throughout the experiments to minimise the effects of preferred 
orientation. 
 
2.3.3 X-ray vs. Neutron 
In many ways synchrotron X-ray and neutron diffraction are complimentary 
techniques because they provide different information about the structure of 
materials. These are costly techniques and competition for use of these instruments is 
very high, so it is necessary to fully understand the strengths and weakness of both 
techniques in order to understand when each of these should be employed. 
The atomic scattering power of X-rays varies smoothly with atomic number. 
The large scattering contrast between lighter elements (such as oxygen) and heavier 
elements (eg. iridium) leads to lower structural accuracy in SXRD refinement. 
Atomic scattering power varies erratically in neutron diffraction, allowing light 
elements including hydrogen and oxygen to be accurately located in the presence of 
heavier atoms, see Figure 2.7.  
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Fig2.7. Comparison between the change in scattering strengths of X-rays (blue 
squares) and neutrons (red spheres), as measured by the X-ray form factor and 
neutron scattering length respectively, with changing atomic number. This figure has 
been generated from data contained in the CRC Handbook of Chemistry and Physics 
[7]
 and modified from reference[12] 
[12]
. 
 
Neutron powder diffraction, although less commonly available than X-ray 
diffraction, due to its reliance on large-scale infrastructure, plays an essential role in 
determining precise positions of atoms, particularly light elements such as oxygen in 
this project. Neutron diffraction is also able to determine the magnetic ordering of 
materials because neutrons have a magnetic moment and so are scattered by the 
magnetic moments of electrons. This is in contrast to X-rays, which are scattered by 
electron density and thus are not sensitive to magnetic ordering. 
All diffraction methods are sensitive to the symmetry of the material. 
Magnetic ordering reduces the symmetry of a material compared to the same 
material in which the magnetic moments are oriented randomly. As a result, the 
neutron diffraction pattern of an antiferromagnet is different above and below a 
magnetic ordering temperature. 
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Table 2.1. A brief comparison between X-ray and neutron beams. 
X-ray beams Neutron beams 
scattered by electron clouds (10
-10
m) interact with nuclei(10
-15
m) 
scattering intensity increase with 
atomic number Z 
scattering power is independent of Z 
insensitive to light elements  capable of accurately locating light 
elements, such as oxygen in the 
presence of heavy atoms 
atomic scattering power decreases as 
the scattering angle increases 
atomic scattering power is constant 
as the scattering angle changes. High 
accuracy for positional and thermal 
parameters, especially well resolved 
high angle data is possible 
heavy metals such as Ir absorb X-rays absorption of neutron is isotope 
dependent and typically  small 
largely insensitive to magnetic 
moments 
a tool of choice of magnetism and 
magnetic structure 
very small amount of sample is 
sufficient for measurement 
requires larger amount of sample  
 
2.4 Structural Characterisation-Rietveld Refinement 
 
The following discussion is reorganised based on references 12 and 13 
[12, 13]
. 
Once powder diffraction data have been collected, developing an appropriate 
strategy of interpretation is critical. The many different structures adopted by 
perovskites, and in particular those that are only distorted from the ideal cubic 
perovskite by octahedral tilting and cation ordering, are well known. This knowledge 
comes from both experimentally determined structures and the group theoretical 
analysis of Howard et al. 
[14, 15]
 that was described in Chapter 1. In the current work 
the first stage of structural analysis was to determine which of the well-known 
variants of the perovskite structure matches the observed diffraction pattern. This 
was done by visually inspecting the diffraction pattern to determine both the nature 
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of any peak splitting and any additional weak peaks that may be present
[13]
. Such an 
inspection greatly reduces the number of possible structures that need to be 
considered; in ideal cases only one space group is possible 
Once the correct variant has been selected, the second stage of the structural 
analysis was to refine a model of the selected variant against the diffraction pattern 
using Rietveld refinement and thereby obtain an accurate structural model. At this 
point both the quality of the fit to the diffraction data and the chemical 
reasonableness of the refined model are inspected to determine if the refinement is 
successful and, in the case where from visual inspection it was not possible to 
narrow down the list of perovskite structures to one, which of the possible 
symmetries the structure adopts. This approach allows the structure of a compound 
to be determined from a polycrystalline sample and is simpler and far less 
computationally expensive than the use of ab initio techniques. Both steps of this 
structural analysis will now be described. 
Visual inspection of a diffraction pattern of a perovskite can reveal additional 
peaks in the pattern compared to those expected from the primitive cubic structure. 
These can take the form of either peak splitting or additional peaks that are at 
significantly different positions to those expected for the primitive cubic perovskite 
structure. Peak splitting indicates a deviation from the metrically cubic structure and 
identifying the peaks that are split can provide an insight into which of the seven 
possible crystal systems the structure belongs to. Detailed description will be given 
in the next chapters, based on particular diffraction patterns. By visually determining 
the correct crystal system for a compound the number of likely structures can be 
reduced to at most a handful. This minimises the number of Rietveld refinements 
that need to be carried out to determine the correct structure. 
The Rietveld method 
[16, 17]
, which is well established for the analysis of X-
ray and neutron powder diffraction 
[18-20]
 is used in this work to refine the final 
structure. A reasonable starting model for the structure is required in the Rietveld 
method. The starting model, where the unit cell has been determined, can be 
obtained in several ways. The most widespread method is the use of an isostructural 
compound of known structure. An isostructural compound is one that has a similar 
stoichiometry, lattice parameters and space group to the unknown. In addition, 
difference Fourier methods, trial and error, and computer modelling techniques can 
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be used to establish a structural model. A number of computer programs are 
available, and two such programs were used in the present study, Rietica
[21]
 for 
SXRD data and in the case of neutron time-of-flight data, GSAS-EXPGUI
[22, 23]
.  
The Rietveld method 
[16, 17]
 is a least squares fitting procedure that minimizes 
the difference between the observed and calculated diffraction profiles. The basis of 
the Rietveld method can be expressed by the equation:  
        ∑ ∑    
   
 
    
        2.3 
Where yic is the net calculated intensity at point I in the pattern, yib is the background 
intensity, Gik is a normalized peak profile function, Ik is the intensity of the k
th
 Bragg 
reflection, k1…k2 are the reflections contributing intensity to point I, and the 
superscript p corresponds to the possible phases present in the sample. 
The intensity (Ik), of the k
th
 Bragg reflection is expressed as: 
Ik = SMkLk|Fk|
2
PkAkEk    2.4 
Where S is the scale factor, Mk is the multiplicity, Lk is the Lorentz-Polarisation 
factor and Fk is the structure factor,    ∑   
 
             
      
         (where 
fj is the scattering factor or scattering length of atom j). The hk, rj and Bj are matrices 
representing the Miller indices, atomic coordinates and anisotropic displacement 
parameters respectively, and the superscript, t, indicates matrix transposition. The 
factor Pk describes the effects of preferred orientation. For powders unaffected by 
preferred orientation, the value of Pk is equal to one. The factor Ak is the absorption 
correction, and Ek is an extinction correction factor. 
For constant wavelength (CW), X-ray and neutron data the absorption 
correction of Sabine et al.
[24]
 is used: 
        )   
         )   
       2.5 
where μR is the product of the radius of the cylindrical sample and its linear 
absorption coefficient. The function AB and AL are the Bragg and Laue absorption 
terms as calculated analytically by Dwiggins [25]. For TOF neutron data the 
absorption is corrected using 
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                 2.6 
where μR is refinable.  
The parameters included in the least squares refinement can be divided into 
those characterizing the diffractometer and those that depend on the crystal structure. 
Instrument parameters include the zero offset, the background parameters, the peak 
shape parameters and where necessary absorption and extinction. It is necessary to 
correct for asymmetry caused by the fact that the sample has a finite height and 
cannot be regarded simply as a point scatterer 
[16, 26, 27]
. 
  The crystal structure parameters include a scale factor, the lattice parameters 
of the unit cell, the atomic coordinates and the atomic displacement parameters of 
the individual atoms. There is also the effect of preferred orientation, which can be 
expressed by the following function 
[28]
:  
      
     α    
      α  
     2.7 
where P1 is a refinable parameter and αk the acute angle between the scattering 
vector and normal to the crystallographic planes.  
The positions of the Bragg peaks from each phase are determined by their 
respective set of cell dimensions, in conjunction with a zero parameter and the 
wavelength provided. All these parameters may be refined simultaneously with the 
profile and crystal structural parameters. For TOF measurements the position of the 
Bragg peak is calculated using:  
TOFk = DIFC.dk + DIFA.dk
2
 + ZERO                    2.8 
Where dk is the d-spacing of the k
th
 reflection, DIFC is the diffractometer constant 
and is dependent on the path length of the instrument, DIFA is a variable correction 
factor and ZERO is the zero point value. 
The wavelength can be determined if the cell dimensions of the material, e.g. 
LaB6, are accurately known. In Rietica
[21]
, when more than one wavelength is used in 
a histogram, such as the Kα1 and Kα2 emissions of Cu, the second wavelength is 
automatically set to the first so that the intensity ratio of λ1/ λ2 is constant and the 
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wavelength values are fixed. The ratio of the intensities for two possible wavelengths 
is absorbed in the calculation of |  |
 , so that only a single scale factor for each 
phase is required. This ratio is not a refinable parameter 
[29]
.  
The contribution of the background is another major component that should 
be taken into consideration when analysing a diffraction profile. The background is 
due to insufficient shielding, diffuse scattering, which mainly arises from thermal 
diffuse scattering, and electronic noise 
[30]
. Two main methods were used to model 
the background. Firstly, selections of up to 50 points are interpolated to determine 
the background. This type of background was most commonly used to model 
synchrotron X-ray diffraction patterns. This is because of the broad peaks in the 
pattern contributed by amorphous glass or silica capillaries used as the sample 
holder. Parametric backgrounds typically do not provide an adequate fit to these 
broad peaks. The second type of background model used in the diffraction pattern is 
a polynomial of the type: 
          ∑   
 
      θ)
                          2.9 
Where Bm is one of six refinable functions. This type of background is used in the 
majority of neutron diffraction patterns. In the case of TOF neutron diffraction a 
Chebyshev polynomial function was used. 
              ∑   
 
       θ)               2.10 
Where Bm are refinable parameters and Tm is the Chebyshev function.  
Another critical set of instrumental parameters are the peak shape parameters. 
In the case of continuous wave diffraction experiments the Pseudo-Voigt function is 
used to model both X-ray and neutron diffraction patterns. 
     
  
   
   
        
         )
  
   
      
          
     2.11 
Where Co = 4, C1 = 4ln2, Hk is the full-width at half-maximum (FWHM) of the k
th
 
Bragg reflection, Xik = (2θi  2θk)/Hk and   is a refinable ‘mixing’ parameter. The 
Pseudo-Voigt profile function can be assigned a fixed shape of any type between the 
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limiting Gaussian and Lorentzian forms (  = 0 and 1, respectively). Alternatively, the 
peak shape can be varied across the pattern by applying the function: 
     
 
  
 
 θ   
 
   )         2.12 
Where  
 
  
 
 and  
 
 are refinable parameters.  
The variation of the peak FWHW is defined by the function expressed as 
follows 
[31]
:  
          
 θ      θ   )                 2.13 
It should be noted that during a refinement it is the U, V and W and   parameters that 
are refined when modelling a continuous wavelength diffraction pattern. Where 
necessary an asymmetry correction can be applied with the Finger-Cox-Jephcoat 
(FCJ) asymmetry correction being used in this study since it is a more physically 
appropriate correction for peak asymmetry in continuous wavelength  
measurement 
[27]
. 
 TOF neutron diffraction patterns have a significantly different peak shape 
from constant wavelength measurements and therefore require a different peak shape 
function. 
    
αβ
  α β)
[    )         )          ))  
  
 
         )   
     )]           
where α and β are exponential decay terms defined to vary with d-spacing, d, as  
α = α0 + α1/d and β = β0 + β1/d
4
, respectively. The functions Erfc and E1 are the 
complex error function and complex exponential integral function, respectively and 
  is dependent on the ratios of the Lorentzian and Gaussian FWHM functions. The 
other terms are defined as      α α       ),      β β 
      ),   
 α       )  √  ),    β 
      )  √  ),    α     α   ,    β    
 β    and                 )    where Hk is the overall FWHM function. The 
overall FWHM function has a more complex dependency on separate Gaussian and 
Lorentzian peak-shape functions (that are proportional to   and   respectively) than 
is the case for continuous wave diffraction. These three FWHM functions are 
described in Larson and Von Dreele
[22]
. 
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The agreement between the observed and calculated model is quantitatively 
indicated by R-factors. The profile R-factor (Rp), the weighted profile (Rwp), and the 
Bragg R-factor (RB), are defined as follows: 
    
∑|       |
∑   
      2.15 
    [
∑          )
 
∑     
 ]
   
     2.16 
    
∑|       |
∑    
      2.17 
where Iko is the ‘observed’ integrated intensity of reflection k calculated at the end of 
the refinement after apportioning each yio between the contributing peaks according 
to the calculated intensities Ikc. 
The expected residuals (Rexp) and goodness of fit (GOF) are also used to establish the 
correctness of the model and these are expressed by the following equations: 
     [
     
∑     
 ]
   
      2.18 
 
    
∑          )
 
     
      2.19 
where, wi is the weight assigned to the individual step intensity, yio is the set of 
observed diffraction intensities collected at each step across the pattern, yic is the set 
of corresponding calculated values, No is the number of observations, and Np is the 
number of refinable parameters. 
 
2.5 X-ray Absorption Near-Edge Structure (XANES) Spectroscopy  
In heterovalent substitution studies, it can be important to establish the 
oxidation states of the elements. This is especially important in the case of more than 
one variable valent element present in the same site, such as SrIr1-xFexO3, in which 
both Ir and Fe can change their oxidation states with the changing doping level x.  
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X-ray Absorption Near Edge Structure (XANES), also known as Near Edge X-ray 
Absorption Fine Structure (NEXAFS) can do this.  XANES is extended by Extended 
X-ray Absorption Fine Structure (EXAFS), and a combination of these can provide 
valuable information about the oxidation state, coordination environment, and 
bonding characteristics of specific elements in a sample. 
The XANES experiments presented in this thesis have been performed at two 
different facilities; the soft X-ray beamline at the Australian Synchrotron, Melbourne 
[32]
,  and beamline 16A1 at the National Synchrotron Radiation Research Center 
(NSRRC) Hsinchu, Taiwan
[33]
. XANES data obtained from the Beamline 16A1 were 
used to examine the oxidation states of Mn and Ti in the Sr1-xLaxTi0.5Mn0.5O3 series 
(Chapter 3) and SrRu1-xNixO3 (Chapter 6). Beamline 16A1 is a medium energy X-ray 
beamline designed to utilise X-rays over the range of 1-9 keV
[33]
. Once X-rays leave 
the ring shielding they pass through a graphite filter and slit aperture before vertical 
collimation using a water-cooled mirror. The X-ray beam utilised in the experiments 
presented in this work was then monochromated using a Si (111) double crystal 
monochromator before reflecting off a toroidal focusing mirror and then a high-
order-harmonic light rejection mirror before reaching the sample. Finely ground 
samples were dispersed onto Kapton tape and placed in front of the X-ray beam at a 
45
o
 angle.  Spectra were collected in fluorescence yield (FLY) mode using a Lytle 
detector.  An energy step-size of 0.2 eV was used near the absorption edge.  The Mn 
K-edge spectra were calibrated against elemental Cr with the maximum in the first 
derivative of the K-edge set to 5989.2 eV.   
Fe L3-edge XANES spectra for Fe doped SrIrO3 and SrRuO3 series (Chapter 
5) were collected on the Soft X-ray Beamline at the Australian Synchrotron
[32]
. 
Powder samples were lightly dusted on double-sided carbon tape (SPI Supplies) and 
inserted into the vacuum chamber via a load lock.  Pressure inside the analysis 
chamber was maintained at better than ~1x10
-9
 torr.  Spectra were collected from 
~30 eV below to ~70 eV above the edge using total electron yield (TEY) mode with 
a step size of 0.1 eV and a dwell time of 0.5s.  All spectra were taken simultaneously 
with a TEY signal measured from a standard Fe reference foil in the beamline. This 
reference foil removed approximately 10% of the beam intensity. The Fe L3-edge 
profile of Fe foil is well known, with the maximum of the first derivative at 706.8 
eV. This allowed for a precise energy calibration of all of the Fe L-edge spectra from 
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the samples. All XANES spectra were analysed using the Athena software 
program
[34]
.  
2.6 Scanning Electron Microscope (SEM)  and Energy dispersive 
spectroscopy (EDS)  
Diffraction techniques are powerful and irreplaceable in crystallography, 
however atomic arrangements are obtained indirectly by analysing diffraction 
patterns and subsequent Rietveld analysis. Furthermore diffraction is insensitive to 
atoms in amorphous phase. Imaging of samples at reasonable magnification provides 
valuable complementary information.  
A Scanning Electron Microscope (SEM) is a powerful magnification tool that 
utilizes focused beams of electrons to obtain high-resolution, three-dimensional 
images for topographical and morphological information. Most SEM instruments are 
equipped with Energy Dispersive Spectroscopy (EDS) detectors which can also 
provide compositional information for a selected area in the SEM image. 
In the current study, two SEM instruments were used. These are a Zeiss 
EVO/Qemscan and Zeiss Ultra Plus, both of which are located at the Electron 
Microscope Unit (EMU) at the University of Sydney. Both work in a similar way 
and are equipped with EDS detectors, but the Ultra Plus delivers high efficiency, 
ultra high resolution imaging and elemental analysis information.  
Two types of SEM images; secondary electron (SE) and backscattered 
electron (BSE) were obtained in the current study.  The SE images are produced 
from the interaction of the electrons on the surface of the sample or topmost part of 
the interaction volume and provide better morphological images. The BSE images 
are produced from higher energy electrons interacting with the top half of the 
interaction volume, so the BSE images provide information pertaining to phase 
purity and elemental distributions (examples of these effects are presented in the 
SEM images in Chapter 3).  As the mean atomic number of the sample increases the 
number of electrons that are backscattered also increases, giving rise to contrast in 
BSE images.  
In a SEM, an electron beam is focussed on the sample and interacts with the 
atoms. Two types of X-rays result from these interactions: background X-rays (or 
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continuum), and element specific characteristic X-rays. The energies of the 
characteristic X-rays emitted by a sample allow elements to be identified in EDS 
analysis. The relative weights of the characteristic X-ray lines in each family are 
consistent and this, along with their energies, allowing related peaks in the X-ray 
spectrum to be recognized.  
EDS is a qualitative and quantitative X-ray micro-analytical technique that 
can provide information on the chemical composition of a sample for elements with 
atomic number (Z) typically limited to >8. The X-rays are detected by an Energy 
Dispersive detector which displays the signal as a spectrum, or histogram, of 
intensity (number of X-rays or X-ray count rate) versus energy. The energies of the 
characteristic X-rays allow the elements in the sample to be identified, while the 
intensities of the characteristic X-ray peaks allow the concentrations of the elements 
to be quantified. 
In the SEM the elements present in rough or unpolished samples can be 
determined by qualitative EDS microanalysis but some care needs to be exercised 
when collecting X-ray data of these samples. If the electron beam is focussed in a 
hole in the sample then X-rays may not be able to escape from the hole and will not 
be detected. Similarly, if the X-rays have to travel through the sample to get to the 
detector they will be absorbed and not detected in the ED spectrum. To get higher 
accuracy in EDS, the specimen must be flat, homogeneous and void free. This can be 
achieved by sintering the pelletised sample and subsequent polishing. 
Conductive samples do not need to be coated, however insulating samples 
may need to be coated prior to qualitative X-ray microanalysis. Carbon, Au, Pt or 
any other conductive coating material may be used. X-rays will be produced from 
the coating material and will be present in the ED spectrum. Characteristic X-rays 
from the coating material may overlap with X-rays produced from the elements in 
the sample, making carbon the preferred coating material, as it minimizes spectral 
interferences. Carbon coating was used throughout this work. 
 
 
 
Chapter 2 
 
43 
 
2.7 Characterisation of Electronic Properties  
 
Magnetic and electronic properties of the samples were measured using a 
Quantum Design Physical Properties Measurement System (PPMS). This was 
equipped with a Vibrating Sample Magnetometer (VSM) and other options as 
described below. 
2.7 .1 Magnetic Characterisation 
Magnetic properties of the materials were measured in the range of 5–400 K.  
Zero-field cooled (ZFC) and field-cooled (FC) magnetic susceptibility data were 
collected with a magnetic field of 1000 Oe. ZFC and FC are commonly accepted 
method of investigating temperature dependent magnetisation of materials. The 
ZFC-FC magnetisation measurement was carried out as follows. For the ZFC 
magnetisation, the sample was first cooled in a zero magnetic field from room 
temperature down to 5K. Then a magnetic field (1000 Oe in most cases) was applied 
and magnetisation as a function of temperature was measured in the warming up 
process (with a rate of 3K/min) to 300K (400K for some samples). The FC 
magnetisation curve was obtained by measuring magnetisation when the sample was 
cooled down to 5K in the same field with the same cooling rate. In measuring ZFC-
FC magnetisation of very soft ferromagnet and/or spin glass system, the applied field 
must be weak enough to reflect the intrinsic energy barrier distribution. In such 
cases, for example for the Sr1-xLaxTi0.5Mn0.5O3 series, magnetisation measurements 
were carried in the magnetic field of 100 Oe and 500 Oe. 
DC magnetic measurements described above determine the equilibrium value 
of the magnetization in a sample. The sample is magnetized by a constant magnetic 
field and the magnetic moment of the sample is measured, producing a DC 
magnetization curve M(H). In AC magnetic measurements, a small AC drive 
magnetic field is superimposed on the DC field, causing a time-dependent moment 
in the sample.  
In a spin-glass, magnetic spins experience random interactions with other 
magnetic spins, resulting in a state that is highly irreversible and metastable. This 
spin-glass state is realized below the freezing temperature, and the system is 
paramagnetic above this temperature
[35]
. The AC susceptibility measurement is 
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particularly important for spin-glasses, because the freezing temperature cannot be 
extracted from specific heat
[36]
. Furthermore, the location of the cusp (freezing 
temperature Tf) is dependent on the frequency of the AC susceptibility measurement, 
a feature that is not present in other magnetic systems and therefore confirms the 
spin-glass phase. AC methods are presented in Chapter 3 for SrTi0.5Mn0.5O3 and in 
Chapter 4 for SrIr0.8Mg0.2O3. 
2.7.2 DC Resistivity  
Electrical resistivities of the materials were measured in the range of 5–300 K 
using the same Quantum Design PPMS system. Powder samples were pressed in the 
form of a thin pellet by applying 10 tons of pressure, and then sintered at final 
synthesis temperature for 12 hours. The sintered pellets were cut into bar shape 
(approximately 1× 9mm) using a diamond saw. The brass was covered with Kapton 
tape and up to three samples were attached to this assembly using varnish glue. 
Electrical contact was achieved via copper pins as illustrated in Figure 2.8.    
 
Figure 2.8 Sample assemblies on a resistivity puck. 
 
 
 
 
 
 
Chapter 2 
 
45 
 
2.8 References 
[1]. A. F. Wells and A. Wells, Structural Inorganic Chemistry, Clarendon Press 
Oxford, 1975. 
[2]. R. C. O'Handley, Modern Magnetic Materials: Principles and Applications, 
Wiley New York, 2000. 
[3]. N. A. Spaldin, Magnetic Materials: Fundamentals and Applications, 
Cambridge University Press, 2010. 
[4]. V. K. Pecharsky and P. Y. Zavalij, Fundamentals of Powder Diffraction and 
Structural Characterization of Materials, Springer, 2004. 
[5]. N. Greenwood and A. Earnshaw, Pergamon Press, Oxford, 1984. 
[6]. M. F. Perutz, Acta Crystallographica Section A, 2013, 69, 8-9. 
[7]. D. R. Lide, Crc Handbook of Chemistry and Physics 2004-2005: A Ready-
Reference Book of Chemical and Physical Data, CRC press, 2004. 
[8]. R. J. Cernik and P. Barnes, Radiation Physics and Chemistry, 1995, 45, 445-
457. 
[9]. K. S. Wallwork, B. J. Kennedy and D. Wang, AIP Conference Proceedings, 
2007, 879, 879-882. 
[10]. K. D. Liss, B. Hunter, M. Hagen, T. Noakes and S. Kennedy, Physica B-
Condensed Matter, 2006, 385-86, 1010-1012. 
[11]. S. Torii, M. Yonemura, T. Y. S. P. Putra, J. Zhang, P. Miao, T. Muroya, R. 
Tomiyasu, T. Morishima, S. Sato and H. Sagehashi, Journal of the Physical 
Society of Japan Supplement, 2011, 80, SB020. 
[12]. T. Y. Tan, PhD Thesis, The University of Sydney, 2012. 
[13]. P. J. Saines, PhD Thesis, The University of Sydney, 2008. 
[14]. C. J. Howard and H. T. Stokes, Acta Crystallographica Section B-Structural 
Science, 1998, 54, 782-789. 
[15]. C. J. Howard, B. J. Kennedy and P. M. Woodward, Acta Crystallographica 
Section B-Structural Science, 2003, 59, 463-471. 
[16]. H. M. Rietveld, Journal of Applied Crystallography, 1969, 2, 65-71. 
[17]. H. M. Rietveld, Acta Crystallographica, 1967, 22, 151-152. 
[18]. A. K. Cheetham and J. C. Taylor, Journal of Solid State Chemistry, 1977, 21, 
253-275. 
[19]. A. Albinati and B. T. M. Willis, Journal of Applied Crystallography, 1982, 
15, 361-374. 
[20]. J. C. Taylor, Australian Journal of Physics, 1985, 38, 519-538. 
[21]. C. Howard and B. Hunter, Rietica. A computer program for Rietveld analysis 
of X-ray and neutron powder diffraction patterns.  Lucas Heights Research 
Laboratories, 1998, 1-27. 
[22]. A. Larson and R. Von Dreele, General Structure Analysis System (GSAS); 
Report LAUR 86-748; Los Alamos National Laboratory: Los Alamos, NM, 
2000. 
[23]. B. H. Toby, Journal of Applied Crystallography, 2001, 34, 210-213. 
[24]. T. M. Sabine, B. A. Hunter, W. R. Sabine and C. J. Ball, Journal of Applied 
Crystallography, 1998, 31, 47-51. 
[25]. C. W. Dwiggins, Acta Crystallographica Section A, 1975, A 31, 146-148. 
[26]. C. J. Howard, Journal of Applied Crystallography, 1982, 15, 615-620. 
Chapter 2 
 
46 
 
[27]. L. W. Finger, D. E. Cox and A. P. Jephcoat, Journal of Applied 
Crystallography, 1994, 27, 892-900. 
[28]. W. A. Dollase, Journal of Applied Crystallography, 1986, 19, 267-272. 
[29]. R. B. Macquart, PhD Thesis, University of Sydney, 2003. 
[30]. D. B. Wiles and R. A. Young, Journal of Applied Crystallography, 1981, 14, 
149-151. 
[31]. G. Caglioti, A. Paoletti and F. P. Ricci, Nuclear Instruments & Methods, 
1958, 3, 223-228. 
[32]. B. C. C. Cowie, A. Tadich and L. Thomsen, Sri 2009: The 10th International 
Conference on Synchrotron Radiation Instrumentation, 2010, 1234, 307-310. 
[33]. T. E. Dann, S. C. Chung, L. J. Huang, J. M. Juang, C. I. Chen and K. L. 
Tsang, Journal of Synchrotron Radiation, 1998, 5, 664-666. 
[34]. B. Ravel and M. Newville, Journal of Synchrotron Radiation, 2005, 12, 537-
541. 
[35]. J. E. Greedan, Journal of Materials Chemistry, 2001, 11, 37-53. 
[36]. J. Mydosh, Journal of Magnetism and Magnetic Materials, 1996, 157, 606-
610. 
 
 
Chapter 3 
 
48 
 
Chapter 3 
Structural and Electronic Properties of Perovskite 
Series Sr1-xAxTi0.5Mn0.5O3 (A = Ca, La) 
 
3.1 Introduction 
Manganate perovskites of the type A1-xLnxMnO3 (A alkaline earth, Ln 
lanthanoid) have long been a subject of interest, as they demonstrate fascinating and 
technologically relevant electrical and magnetic properties
[1-7]
.  There are recent 
reports of a series of studies of Ce and Pr doped SrMnO3 focusing on the coupling of 
the lattice, orbital and spin degrees of freedom 
[8-11]
.  These studies have revealed a 
remarkable disjoint between the distortion of the MnO6 octahedra and the unit cell 
metric.  The presence of Mn
3+
 in perovskites can lead to unexpected behaviour as 
evident by the ferroelectricity (FE) observed in TbMnO3 
[12]
.  Recently there have 
been reports of the coexistence of FE and ferromagnetism (FM), in addition to a 
colossal dielectric response, in the Ti substituted oxide SrTi0.5Mn0.5O3
[13-15]
.  This 
combination of properties has prompted numerous studies however consensus 
regarding the structure and magnetic properties of SrTi0.5Mn0.5O3 is yet to emerge 
with the structure of  SrTi0.5Mn0.5O3 been variously described in space groups I4/m, 
I4/mmm,    ̅ , and    ̅   [13, 15-17].  The nature of magnetic interactions in this 
material has also been controversial with some workers concluding the material is an 
antiferromagnet, whilst other workers reported spin glass-like behaviour
[13, 17, 18]
 
 Partial replacement of the Sr with trivalent Ln cations in Sr1-xLnxTi0.5Mn0.5O3 
reduces the Mn
4+
 (     
   
 ) ions to Mn
3+
 (     
   
 ), which, in turn, drives structural 
and electronic changes.  Since the oxidation state is one of the key factors affecting 
structure and properties in manganate perovskites, this potentially enables 
researchers tune the properties to desired functionalities.  This approach has been 
explored by Álvarez-Serrano and co-workers who observed complex magnetic 
behaviour in the relaxor manganites Sr2-xBixTiMnO6
[19]
.  They showed the materials 
to be magnetically frustrated as a consequence of the disorder of the Mn cations, 
although the higher than expected magnetic moments indicated the presence of FM 
clusters
[19]
.   
Chapter 3 
 
49 
 
A lack of consensus both on structure and magnetism is a distinct feature of 
existing literature on Sr1-xAxTi0.5Mn0.5O3 type materials
[14, 18, 20-22]
. Álvarez-Serrano 
concluded that the Ti and Mn were disordered at the octahedral sites in Sr2-
xBixTiMnO6; consequently these are better described as Sr1-xBixTi0.5Mn0.5O3  The 
same group reported that Sr0.5La0.5Ti0.5Mn0.5O3 has an orthorhombic (Pbnm) 
structure, and that it displayed ferromagnetism despite the lack of long range 
ordering of the Mn
3+
 and Ti
4+
 cations
[22]
.  Subsequently, Kallel and co-workers 
described the same material but concluded that the structure was rhombohedral in 
  ̅ , and it was a spin-glass at low temperatures[21]. It appears that there are no 
reports available describing the effect of doping the Sr in SrTi1/2Mn1/2O3 with Ca 
forming the series Sr1-xCaxTi1/2Mn1/2O3 (0  ≤  x  ≤ 1) perovskites. Therefore the Ca 
doped series has been chosen to do a comparative study along with its La doped 
analogues. 
In this chapter, attempts were made to address the uncertainty regarding the 
structures and electronic properties of a number of doped Sr1-xAxTi1/2Mn1/2O3 oxides 
(where A = Ca, Ba, La). These related compounds have been synthesised and 
structurally characterised at and, in selected cases, above and below room 
temperature. The characterisation has been carried out using synchrotron X-ray, and 
neutron diffractions, the latter measurements to examine the possibility of magnetic 
ordering at low temperatures. Additionally to more clearly elucidate the oxidation 
states of the cations present in these compounds they have also been examined using 
XANES. Electronic characterisation for these compounds revealed that both the 
structure and magnetism in these series can be tuned by doping.  
 
3.2 Experimental 
The 11 polycrystalline samples in the series Sr1-xCaxTi0.5Mn0.5O3 (x =0, 0.1, 
…, 1)  and seven polycrystalline samples of Sr1-xLaxTi0.5Mn0.5O3 (x = 0, 0.1, 0.2, 
0.25, 0.3, 0.4, 0.5) were prepared by conventional solid-state methods, using SrCO3 
(Aldrich 99.99%), CaCO3 (Aldrich 99.9%), TiO2 (Aldrich 99.9%) and MnCO3 
(Aldrich 99.8%) as starting materials.  The reagents were finely mixed as an acetone 
slurry in an agate mortar and pestle before being heated in air at 1000 °C for 12 
hours, and 1200 °C for 48 hours with re-grinding and pelleting before every heating 
Chapter 3 
 
50 
 
step.  The samples were finally annealed at 1350 °C for 48 hours except for the x = 0 
and 0.1 samples where the final temperature was 1450 °C and 1420 °C respectively.  
In all cases the samples were furnace cooled to around 100°C at an approximate 
cooling rate of 4°C/min.  All reactions were monitored by powder X-ray diffraction 
with Cu Kα radiation, using a PANalytical X'Pert PRO X-ray diffractometer 
equipped with a PIXcel solid-state detector.  When the X-ray diffraction patterns 
showed no detectable impurities, the synthesis was considered to be complete. The 
structural analyses were performed using a combination of synchrotron X-ray and 
neutron diffraction methods.  Synchrotron X-ray diffraction (S-XRD) patterns were 
recorded using the powder diffractometer at BL-10 of the Australian Synchrotron
[23]
.  
Data were collected at room temperature and at 85 K in an angular range of 5
°
 ≤ 2 ≤ 
85
°
. X-rays of wavelength 0.82518 Å were used to analyse the Ca doped oxides and 
of 0.82453Å for the La-doped oxides.  Each finely ground sample was placed in a 
0.3 mm diameter capillary that was rotated during the measurements.  The low 
temperature measurements were undertaken using an Oxford Cryosystem.   The 
Rietveld method, as implemented in the program Rietica 
[24]
, was used in the final 
stages of the data analysis.   
Neutron diffraction experiments were carried out at TOF-type diffractometer 
Super HRPD installed at the Material and Life Science Facility (MLF) of the Japan 
Proton Accelerator Research Complex (J-PARC).  A powder sample of 10 g in 
weight was placed in a vanadium holder (9.5 mm in diameter and 50 mm in length) 
and mounted in a CCR cryostat.  All diffraction patterns were recorded over the 
time-of-flight range 17–185 ms in both the back-scattering and ninety-degree PSD 
detector banks, corresponding to d-spacings from 0.35 to 3.8Å (at a resolution Δd/d 
∼ 4×10−4) and from 0.75 to 5.3 Å (Δd/d ∼ 2 × 10−3), respectively.  The patterns were 
normalized, and corrected for detector efficiency according to prior calibration with 
a vanadium scan.  The structures were refined using the Rietveld method as 
implemented in the GSAS program
[25]
.  The background and peak widths were 
refined together with the lattice parameters, atomic positions, and isotropic and 
anisotropic atomic displacement parameters (ADP) for the cations and oxygen 
atoms, respectively. 
Magnetic properties and electrical resistivity of the materials were measured 
with a Quantum Design Physical Property Measurement System (PPMS) system in 
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the range of 5–300 K.  Zero-field cooled (ZFC) and field-cooled (FC) magnetic 
susceptibility data were collected with a magnetic field of 1000 Oe, and AC 
magnetic susceptibilities were measured at frequencies of 10, 31.62, 100, 316.2, 
1000, 3162.3, and 10000 Hz with an applied oscillating field 10 Oe and 3 Oe 
respectively. 
The microstructure and homogeneity of the samples were examined by 
scanning electron microscopy using a Zeiss UltraPlus FE SEM. The average cationic 
composition for each sample was verified by EDS using the same microscope, in all 
cases the measured values were consistent with the nominal compositions. 
The Mn K-edge XANES spectra were collected on beamline 16A1 at the 
National Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan
[26]
.  
Finely ground samples were dispersed onto Kapton tape and placed in front of the X-
ray beam at a 45
o
 angle.  Spectra were collected in fluorescence yield (FLY) mode 
using a Lytle detector.  An energy step-size of 0.2 eV was used near the absorption 
edge.  The Mn K-edge spectra were calibrated against elemental Cr with the 
maximum in the first derivative of the K-edge set to 5989.2 eV.  All XANES spectra 
were analysed using the Athena software program.
[27]
  
3.3 Results and discussion  
3.3.1 Perovskite series Sr1-xCaxTi0.5Mn0.5O3 
3.3.1.1 Structures of Sr1-xCaxTi0.5Mn0.5O3 
As shown in Figure 3.1, the absence of any superlattice reflections in  
synchrotron diffraction patterns of SrTi0.5Mn0.5O3 demonstrates the lack of long-
range ordering of the Ti
4+
 and Mn
4+
 cations.  That Ti
4+
 and Mn
4+
 do not order is not 
surprising given the similarity in both their size and charge.
[28]
  It is concluded that, 
like SrTiO3 itself, the structures are cubic in    ̅ . The result for x = 0.0 sample 
SrTi0.5Mn0.5O3 was also examined using powder neutron diffraction and such data 
was consistent with a primitive cell with a ~ 3.9 Å.  Refinement of the anion 
stoichiometry from the present neutron data suggested the sample to be 
stoichiometric. For the necessity of discussion flow, the neutron diffraction pattern is 
given in Figure 3.10, and so is the further discussion. 
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Figure 3.1.  Observed, calculated and difference synchrotron X-ray 
diffraction patterns at room temperature for SrTi0.5Mn0.5O3 using    ̅  space 
group.  The inset both highlights the absence of any superlattice reflections 
indicative of symmetry lowering and shows the presence of peak broadening 
indication of phase segregation. 
Synchrotron X-ray diffraction patterns measured for the x = 0.1 and  0.2 
samples also showed no evidence for splitting of either the h00, hhh (see Figure 3.2) 
or any other peak, nor was there any sign of superlattice reflections.  Although the 
X-ray contrast between Ti
4+
 (d
0
) and Mn
4+ 
(d
3
) is small, pattern calculations 
demonstrate that the present data is of sufficient quality to detect the appearance of 
superlattice reflections associated with the ordering of these; and no such reflections 
were observed.  The halfwidth of the 200 reflection near 24.5 ° is similar to that of 
the 111 reflection near 21.2 ° as expected for a cubic structure. This structure lacks 
any tilting of the corner sharing octahedra and is described as (a
0
a
0
a
0
) using the 
notation introduced by Glazer
[29]
.  The absence of tilting is consistent with the 
tolerance factor (t) expressed as t = (rA + rO)/ √ (rB + rO) where rA, rB, and rO are 
ionic radii of the respective ions
[30]
.  When t = 1 the bonding requirements of both 
cations are meet within the cubic structure.  Decreasing the size of A site cation 
reduces t < 1, and the less than optimal bonding of the A-site cation is overcome by 
cooperative tilting of the corner sharing octahedral units.  This tilting can be in the 
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same sense (in-phase or +) or in the opposite sense (out-of-phase or -) and results in 
lower symmetry structures.  
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Figure 3.2 Observed (black symbols), calculated (red line) and difference (green 
line) S-XRD pattern for Sr0.9Ca0.1Ti1/2Mn1/2O3.  The insets show characteristic peaks 
and corresponding cubic    ̅  structural model. 
Tilting lowers the symmetry of the oxides, introducing additional weak 
reflections and splitting certain Bragg reflections.  A tetragonal distortion could be 
recognised by splitting of the h00 peaks where there was no splitting of the hhh 
peaks, and rhombohedral distortion by the reverse.  More complex peak splitting is 
observed for orthorhombic Imma or Pbnm structures, and includes splitting of the 
hhh peaks (but with an intensity ratio differing from that in rhombohedral) as well as 
of the h00. 
As x increased to 0.3 and 0.4, the parent primitive (200)P reflection was 
observed to split to a doublet corresponding to a tetragonal lattice with  c/a >1.  At 
the same time additional reflections such as that near 2θ = 20.6° (see Figure 3.3) 
were observed.  The I4/mcm structure results from softening at the R-point  
(k = ½, ½, ½ ) of the Brillouin zone which, allows a series of reflections of the odd-
odd-even type (ooe), indexed in terms of a doubled unit cell. The strongest of these 
is the (121) reflection (indexed on the I4/mcm cell) observed near 2θ = 20.6°,  
d = 2.31 Å (Figure 3.3). This tetragonal structure is the same as that observed in 
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SrTiO3 upon cooling below 110 K
[31]
 and has been seen in numerous other 
perovskites with t ~ 1 
[32]
.  
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Figure 3.3 Observed (black), calculated (red line) and difference (green line) S-XRD 
pattern for Sr0.6Ca0.4Ti1/2Mn1/2O3 with inset showing characteristic peaks and 
corresponding tetragonal I4mcm structural model 
 
 
Figure 3.4.  SEM images for randomly chosen samples in the Sr1-xCaxTi0.5Mn0.5O3 
series top secondary electron images and bottom back scattering electron images for 
the same compositions. The white dot in the red circle in BS image for the sample x 
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= 0.8 is from an identified impurity of SrIr0.8Mg0.2O3 induced from polishing and is 
not intrinsic the sample. 
In the I4/mcm structure there are alternating rotations of the oxygen 
octahedra around the c axis (Glazer 
[29]
 notation a
0
a
0
c
−
) that results in a contraction 
in the ab plane.  Rietveld refinement for the pattern verified the choice of space 
group.  The possibility that the additional reflections were a consequence of an 
impurity was discounted by SEM-EDS analysis (see Figure 3.4) and the systematic 
shift of these to higher angles as the Ca content increased (corresponding to a smaller 
unit cell) across the Sr1-xCaxTi0.5Mn0.5O3 series.  All such weak reflections were well 
modelled by the Rietveld analysis in the appropriate space group.    
Increasing the Ca content to 0.5 resulted in the appearance of reflections 
associated with softening at the M-point (k = ½, ½, 0).  The strongest of these is the 
(210/120) reflection near 2θ = 19.6°, d = 2.42Å.  X-point reflections, such as the 
(021) and (113), that occur when the R-point and M-point distortions coexist, are 
also observed in the diffraction pattern for Sr0.5Ca0.5Ti1/2Mn1/2O3 and the Ca rich 
oxides (see Figure 3.5).  The presence of these superlattice reflections confirms that 
the appropriate space group is Pbnm.  At x = 0.5, it is possible for ordering of either 
the A-site and B-site cations or indeed both could order in Sr0.5Ca0.5Ti0.5Mn0.5O3.  
This possibility has been considered by other researchers and first principle 
calculations suggested that the structure may adopt a cubic structure in space  
group   ̅   [33].  
However, the S-XRD data, illustrated in Figure 3.5 shows no any evidence 
for superlattice reflection corresponding to ordering of Sr and Ca or Ti and Mn.  The 
absence of ordering of the Ti and Mn cations across the entire series is not surprising 
since such ordering is predominantly driven by differences in the charge and size of 
cations 
[28]
.  Clearly the difference in the size of the Ti
4+
 and Mn
4+
 cations is 
insufficient to favour an ordered structure. 
As illustrated in Figure 3.6 as the Ca content is increased beyond 0.5 the 
nature of the superlattice reflections does not change however the intensity of these 
progressively increase (Figure 3.6a), corresponding to an increase in the size of the 
octahedral tilting (a
-
a
-
c
+
). Scrutiny of Figure 3.6a reveals the presence of weak 
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broad features near 21.2 and 24.4° that were not modelled by the Rietveld 
refinements.  This point will be discussed below based on neutron diffraction data. 
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Figure 3.5 Observed (black symbols), calculated (red line) and difference (green 
line) S-XRD pattern for Sr0.5Ca0.5Ti0.5Mn0.5O3 with inset showing characteristic 
peaks and corresponding orthorhombic Pbnm structural model. 
 
The magnitude of the tilts can be estimated from the refined atomic 
coordinates.  This orthorhombic structure is characterised by two independent 
octahedral tilts, ψ and φ, where ψ is an out-of-phase tilt about the pseudocubic 110 
axes, and φ is an in-phase tilt about the pseudocubic 001 axis.  As described by 
Kennedy et al. 
[34]
 the octahedral tilt angles in orthorhombic Pbnm perovskites can 
be obtained from the displacement of the O2 oxygen atoms from    (¼, ¼, 0) to  
(¼-u, ¼+v, w). The out-of-phase tilting is estimated by         where   
   
 
. 
The in-phase tilt is estimated by the average of       √   and        √    , 
where x is the coordinate of the O1 anions
[34, 35]
. For the tetragonal structure the 
magnitude of the anti-phase tilting around [001] can be estimated from the refined 
oxygen parameter using displacement O2 position (1/4+u, ¾+u, 0). The tilt is 
calculated using equation        . The cubic    ̅  structure has neither 
octahedral tilting nor distortion.  Recalling that X-rays are relatively insensitive to 
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displacements of oxygen atoms in the presence of heavy atoms such as Sr, we 
observe a rapid decrease in the magnitude of the tilts as the Sr content is increased, 
with the largest tilts observed in CaTi0.5Mn0.5O3 where the out-of-phase tilt is 
estimated to be 10.8° and the in-phase tilt 8.2°.  Despite the appreciable change in 
the tilting of the BO6 across the series there is very little variation in the individual B-
O bond distances. The composition dependence of the tilts is illustrated in Fig. 3.6b.  
The systematic increase in the magnitude of both the anti-phase and in-phase tilts is 
consistent with the lowering in tolerance factors (Table 3.1). The degrees of tilting in 
both tetragonal and orthorhombic structures increases progressively as the Ca 
content increases and this is reflected in the gradual increase in the intensity of the 
superlattice reflections as shown in Figure 3.6.  The S-XRD patterns for all x ≥ 0.5 
samples were well fit with the orthorhombic model in Pbnm space group which is 
one of the most commonly encountered structures in perovskites
[36, 37]
 (inset in 
Figure 3.5).   
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Figure 3.6 (a) Portions of SXRD patterns showing evolution of the reflection with 
increasing Ca content in Sr1-xCaxTi1/2Mn1/2O3 and (b) magnitude of octahedra tilts in 
Sr1-xCax Ti0.5Mn0.5O3 system for x ≥ 0.2.  The solid lines in (b) are best fits to an 
expression of the type(    )
   , where xc is the critical composition. 
 
It is interesting to note that there is no evidence for the orthorhombic Imma 
structure observed in a number of related systems including Ba1-xSrxMO3 M = Zr, Hf 
and Ti 
[38-40]
. This structure contains the same out-of-phase rotations seen in the 
tetragonal I4/mcm structure but these are about the primitive [011]p axis, and the 
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Glazer notation is (a
0
b
−
 b
−
).  This observation is perhaps not unexpected since the 
Imma structure has not been observed in either Sr1-xCaxTiO3 or Sr1-xCaxMnO3 
series
[41, 42]
. 
Overall the evolution of the structures in the series Sr1-xCaxTi0.5Mn0.5O3 is 
mainly driven by the size of A-site cations and with reduction in the effective size of 
this lowering the symmetry in the sequence cubic Pm ̅m  tetragonal I4/mcm  
orthorhombic Pbnm.  It is generally accepted that the same sequence occurs in      
Sr1-xCaxTiO3 at room temperature, with early reports 
[43]
 of  an orthorhombic Cmcm 
phase being discounted in more recent neutron and electron diffraction 
measurements 
[44]
. Zhou et al. reported the same sequence in Sr1-xCaxMnO3 and 
evidently this sequence is unaltered when 50% of the Ti is replaced by Mn
[42]
.  The 
evolution of lattice parameters and unit cell volume as a function of composition is 
summarised in Figure 3.7, and details of refined structural parameters are listed in 
Table 3.1.  Note the reversal of c/a ratio that accompanies the I4/mcm to Pbnm 
transition evident in Figure 3.7.  Such a reversal has been observed in numerous 
perovskites, most notably at the I4/mcm to Imma transition in SrZrO3, and is a 
consequence of reorientation of the out-of-phase tilts from [001] to [110].  This 
reorientation must be first order, and in the present case in-phase tilting around the 
[001] axis appears at the same composition
[32]
.  The same re-orientation accompanies 
the first order I4/mcm – Pbnm transition. 
The sequence of structures observed upon cooling all the samples in          
Sr1-xCaxTi0.5Mn0.5O3 system to 85K was the same as that observed at room 
temperature. The SXRD measurement at 85K revealed that Sr0.8Ca0.2Ti0.5Mn0.5O3 
adopted a tetragonal structure in I4/mcm rather than the cubic structure observed in 
the room temperature measurements.  The results for the x = 0.4 sample were more 
interesting and the pattern showed the presence of weak M-point reflections, 
indicating the presence of the primitive orthorhombic structure, although attempts to 
fit this to a model in Pbnm were unsatisfactory.  Rietveld analysis of the data showed 
this to be a mixture of I4/mcm and Pbnm.  That these phases co-exist argues against 
the presence of an intermediate Imma phase.  For all other compositions the same 
symmetry was observed in the RT and 85K measurements. 
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Figure 3.7. Normalised cell parameters and unit cell volume for Sr1-xCaxTi0.5Mn0.5O3 
from SXRD refinements. 
 
The composition dependence of the volume of the structures at room 
temperature shows a smooth contraction as Ca (12-coordinate ionic radius 1.34Å) 
replaces Sr (1.44Å)
[45]
, Figure 3.7.  This substitution results in a reduction in the 
tolerance factor, from t = 1.021 in SrTi0.5Mn0.5O3 to 0.985 in CaTi0.5Mn0.5O3, see 
Table 3.1.  The reduction in tolerance factor corresponds to an increase in the 
mismatch of the bonding requirements in the two cation sites; this bonding conflict 
is, of course, the origin of the tilting of the corner sharing BO6 octahedra.  Bond 
valence sums (BVS) are a convenient method to probe the stability of cations in 
irregular environments and these are calculated as     ∑ [   (
     
 
)]     where 
dj is the distance to the jth anion site, R0 and b are tabulated constants, and N is the 
coordination number of the central atom within a preset cut-off distance
[46]
.  As 
illustrated in Figure 3.8, the BVS of the B-site cation shows unusual composition 
dependence, initially increasing slightly as the Ca content was increased from 4.09 in 
SrTi0.5Mn0.5O3 to 4.19 in Sr0.6Ca0.4Ti0.5Mn0.5O3 before decreasing to 4.12 in 
CaTi0.5Mn0.5O3.  This behaviour is mirrored by an initial decrease in the weighted 
average A-site BVS from 2.32 in SrTi0.5Mn0.5O3 to ~ 2.20 for CaTi0.5Mn0.5O3.  At 
higher Ca contents the average A-site BVS then remains effectively constant. These 
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changes, whilst small, mirror the changes in symmetry and demonstrate the 
efficiency of the tilting in matching the bonding requirements of the two cations. 
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Figure 3.8.  Composition dependence of the average Bond Valence Sums for the A- 
and B-sites in Sr1-xCaxMn0.5Ti0.5O3. 
 
To confirm the expected valency of Mn cations in SrTi0.5Mn0.5O3, Mn K-
edge XANES spectra were collected (Figure 3.9).  Mn K-edge XANES spectrum 
typically consists of two main regions; a pre-edge region and main-edge region.  The 
pre-edge feature corresponds to a dipole-forbidden 1s-to-3d transition and is 
sensitive to both oxidation states and local coordination environment of the 
absorbing atom 
[47, 48]
.  The main-edge corresponds to a dipole-allowed 1s-to-4p 
transition and its absorption-edge energy is sensitive to the oxidation state of Mn 
cations
[8, 9, 49]
.  The Mn K-edge absorption-edge energies of SrTi0.5Mn0.5O3  
(6555.1 eV) falls is similar to that of Mn
4+
 standard CaMnO3 (6555.4 eV), 
suggesting the presence of Mn
4+
 cations.  For reference, the absorption edge energies 
of MnTiO3 (Mn
2+
 standard) and La2MnRhO6 (Mn
3+
 standard) are 6547.7 eV and 
6552.6 eV, respectively.  Fitting the Mn K-edge spectrum of SrTi0.5Mn0.5O3 with a 
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linear combination of La2MnRhO6 (Mn
+3
) and CaMnO3 (Mn
4+
) confirmed the 
valence of the Mn to be +4, with the fitting yielding a value of +3.96.    
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Figure 3.9.   Mn K-edge XANES spectra of SrTi0.5Mn0.5O3 and various oxidation 
state standards.  All spectra were collected in fluorescence mode. 
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Figure 3.10.  Neutron diffraction pattern of SrMn0.5Ti0.5O3 recorded at room 
temperature using the back-scattering (upper plot) and 90-degree (lower plot) 
detector banks.  In each case the data are represented by black symbols and red solid 
line is the Rietveld fit.  The insert shows the quality of both the data and fit to low d-
spacing in the back-scattering bank.  See text regarding the two sets of tick marks. 
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Analysis of neutron diffraction data collected for SrTi0.5Mn0.5O3 between 10 
and 300 K showed no evidence for any anion vacancies.  Initial attempts to model 
the S-HRPD neutron diffraction data to a single phase cubic model were less than 
satisfactory.  Careful examination of the profile from the high resolution back-
scattering bank revealed systematic broadening of all reflections to lower d-values.  
This is not possible for any of the space groups described above, but rather is 
characteristic of the co-existence of two phases with extremely similar lattice 
parameters.  Cooling the sample to 10 K did not result in the appearance of any 
additional reflections, nor did it alter the broadening of the reflections, confirming 
the co-existence of two phases (Figure 3.10).  Addition of a second cubic phase with 
the same composition resulted in a significant improvement in the quality of the fit 
with χ2 decreasing from 4.31 to 3.26%.  The lattice parameters of the two phases are 
extremely similar at all temperatures, for example being 3.85627(10) Å and 
3.84843(12) Å at room temperature, with the abundance of the minor phase being 
around 12%.  The presence of this second cubic phase was also evident in the 
synchrotron diffraction data for the three cubic phases, see Figure 3.6a.  It is 
postulated that the observed phase separation is related to the overbonding of the Sr 
cations evident in the BVS calculations, see Figure 3.8 and Table3.1. The peak shape 
resolution of the S-HRPD instrument is better than that of the Australian 
Synchrotron powder diffractometer and is thus more sensitive to effects such as 
phase segregation. 
As demonstrated in Figure 3.11, the temperature dependence of the unit 
lattice parameter for SrTi0.5Mn0.5O3 shows typical thermal contraction upon cooling 
with the temperature dependence of ao having zero slope as T approaches 0 K due to 
saturation effects
[10]
.  This can be effectively described by a function of the form 
            (
  
 
) ,where θs is the saturation temperature for the thermal 
expansion of the cubic structure
[10]
. 
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Table 3.1 Selected crystallographic parameters for Sr1-xCaxTi1/2Mn1/2O3 obtained by Rietveld refinements against S-XRD data (λ = 
0.82518Å) recorded at room temperature. In all cases the Ti and Mn are disordered at the origin (0 0 0).  The tolerance factor (t) is 
calculated as described in the text. 
x 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
SG Pm ̅m Pm ̅m Pm ̅m I4/mcm I4/mcm Pbnm Pbnm Pbnm Pbnm Pbnm Pbnm 
 t 1.021 1.017 1.013 1.010 1.006 1.003 0.999 0.996 0.992 0.988 0.985 
a  (Å) 3.85337(1) 3.84850(1) 3.84255(2) 5.41961(3) 5.40785(2) 5.40782(3) 5.39293(4) 5.37616(3) 5.36391(5) 5.34694(2) 5.32747(2) 
b (Å) = a = a = a = a = a 5.39963(3) 5.38804(5) 5.38100(3) 5.36882(3) 5.36197(2) 5.35745(2) 
c (Å) = a = a = a 7.67951(7) 7.67355(5) 7.63582(5) 7.62515(7) 7.61058(4) 7.59087(7) 7.57079(3) 7.55082(3) 
V (Å3) 59.001(4) 56.9999(2) 56.7371(4) 225.563(3) 224.414(2) 222.966(2) 221.566(3) 220.166(2) 218.600(3) 217.055(1) 215.512(1) 
Rp(%) 5.47 4.80 5.75 5.55 4.57 3.94 3.69 4.63 3.27 3.19 3.60 
RWP (%) 7.43 6.79 8.29 7.63 6.68 5.42 5.16 6.65 4.58 4.42 4.93 
χ2 23.98 19.89 27.30 24.02 17.76 10.48 9.95 17.16 5.93 5.96 7.36 
Sr/Ca            
x 0.5 0.5 0.5 0.5 0.5 0.0002(4) -0.0021(5) 0.0037(3) 0.0002(3) 0.0054(2) 0.0058(2) 
y 0.5 0.5 0.5 0 0 0.4945(2) 0.5109(1) 0.5153(1) 0.5199(1) 0.5256(1) 0.5314(1) 
z 0.5 0.5 0.5 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 
Biso 0.65(1) 0.75(1) 0.88(1) 0.87(1) 0.85(1) 0.87(1) 0.81(1) 0.84(1) 0.85(1) 0.78(1) 0.69(1) 
Ti/Mn            
Biso 0.31(1) 0.02(1) 0.11(1) 0.12(1) 0.17(1) 0.20(1) 0.25(1) 0.27(1) 0.29(1) 0.26(1) 0.26(1) 
O1            
x 0.5 0.5 0.5 0 0 -0.0372(9) -0.0397(7) -0.0496(9) -0.0571(9) -0.0611(5) -0.0653(3) 
y 0 0 0 0 0 0.0040(9) -0.006(1) -0.0081(7) -0.0115(5) -0.0113(3) -0.0128(3) 
z 0 0 0 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 
Biso 0.80(2) 0.52(1) 0.95(3) 3.38(15) 1.58(8) 0.35(8) 4.95(13) 3.50(15) 5.86(13) 2.11(7) 1.59(4) 
O2            
x    0.2617(1) 0.2706(2) 0.2356(11) 0.2287(5) 0.2268(6) 0.2232(4) 0.2163(3) 0.2135(2) 
y    0.7617(1) 0.7706(2) 0.2662(10) 0.2669(6) 0.2763(6) 0.2773(4) 0.2829(2) 0.2855(2) 
z    0 0 0.0192(5) 0.0249(3) 0.0270(3) 0.0304(2) 0.0319(2) 0.0347(2) 
Biso    0.39(4) 1.29(4) 1.93(6) 0.37(1) 0.50(5) 0.13(3) 0.91(3) 0.96(2) 
Mn/Ti –O1 1.92668(1) 1.92425(1) 1.92128(1) 1.91988(1) 1.91839(1) 1.91967(5) 1.9185(7) 1.9218(7) 1.9232(7) 1.9216(4) 1.9207(3) 
Mn/Ti –O2    1.9182(3) 1.9185(2) 1.9262(7) 1.904(4) 1.933(4) 1.924(3) 1.923(2) 1.924(1) 
Mn/Ti –O2       1.9132(7) 1.937(4) 1.9104(4) 1.920(3) 1.927(1) 1.928(1) 
Tf (K) 13 11.9 11.1 10.1 9.8 9.1 7.9 7.6 7.3 6.9 6.4 
θ (K) -649 -719 -698 -521 -427 -417 -368 -344 -324 -319 -280 
µeff 4.20 5.0 4.97 4.35 4.38 4.27 4.31 4.33 4.20 4.33 4.18 
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Figure 3.11.  Temperature dependence of the lattice parameters for SrTi0.5Mn0.5O3 
obtained from high resolution neutron diffraction measurements.  The solid line is a 
fit to a coth type function.  
 
3.3 1.2 Magnetism in Sr1-xCaxTi0.5Mn0.5O3 
Variable temperature magnetic susceptibility measurements for 
SrTi0.5Mn0.5O3 recorded with an applied field of 0.1 Tesla shows the presence of a 
weak paramagnetic to ferromagnetic transition near 13 K, see Figure 3.12b.  
Increasing the field to 5T lowered the branching point to near 6 K (Figure 3.12a).  
Field dependent magnetizations measurements at 5K, shown in Figure 3.13, are 
consistent with weak ferromagnetic interactions in the materials.  Surprisingly both 
our susceptibility and magnetisation measurements for SrTi0.5Mn0.5O3  are different 
from the two recent studies by of Roa – Rojas et al. [15] who described the material as 
ferromagnetic with TC near 44K and Meher et al.
[17]
 who postulated it was a spin 
glass with a similar freezing temperature.  Low temperature neutron diffraction 
measurements for our sample confirmed the absence of any long range ordering.  To 
better understand the magnetic properties of SrTi0.5Mn0.5O3, AC magnetic 
susceptibility around the transition temperature (13 K) has been measured.  These 
measurements showed the freezing temperature (Tf ) to be weakly dependent on the 
frequency (Figure 3.14).  Consequently it is concluded that the material acts as 
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antiferromagnet but is best described as a spin glass, with the disorder of the Ti
4+
 and 
Mn
4+
 at the octahedral sites frustrating any long range magnetic ordering 
[50]
.  
The inverse ZFC magnetic susceptibilities in the high temperature  
paramagnetic region were analysed using the Curie-Weiss law,      
 
     
  , where 
χ is magnetic susceptibility, C is the Curie constant, T is absolute temperature (K), 
and θCW  is the Curie temperature.  Linear fits to the inverse ZFC susceptibilities 
give θCW values in the range of -719 ~ -280K , with the temperature approaching 0 as 
the Ca content increased (see  Table 3.1).  The negative values are indicative of weak 
antiferromagnetism and the trend in these suggests weakening of this with increasing 
Ca content.  The effective moment μeff was calculated from the CW fits using the 
relationship     
 
 
    
  .  This was observed to be relatively constant for all 
compositions with the observed value of ~ 4.2µB , being slightly higher than that of 
spin only moment of 3.87µB.  The magnetic behaviour of all the oxides suggests 
these are spin glasses.   
The feature evident near 44K for CaTi0.5Mn0.5O3 (see Figure 3.12e) is 
believed to be due to the presence of a trace amount of ferromagnetic Mn3O4 
impurity, which has TN ~ 43K.  There was no evidence for this in the diffraction data 
reflecting the high sensitivity of magnetic measurements to trace amounts of strongly 
magnetic impurities.  The results for CaTi0.5Mn0.5O3  are extremely similar to those 
reported by Shi et al. 
[51]
 for the same compound. As displayed in Figure 3.12, the 
samples all display a peak in the ZFC susceptibilities at low temperatures, identified 
as Tf and  there is a general decrease in this with increased Ca content, from ~ 13K in 
SrTi0.5Mn0.5O3 to ~ 6.4K in CaTi0.5Mn0.5O3.  Although it is usual to estimate the 
geometric frustration as | |     it is also possible to estimate this as | |     where θ 
is the Weiss constant, TN is the Néel temperature, and Tf is the temperature of the 
peak in the ZFC susceptibilities; for the pure Sr compound | |     is equal to ~ 50 
and for the CaTi0.5Mn0.5O3 it is ~ 44.  This later value is in reasonable agreement 
with that reported by Shi and co-workers 
[51]
.  It has been proposed that  | |    
greater than 10 indicates the presence of frustration 
[50]
. That the present compounds 
are spin glasses is perhaps not surprising given the structural disorder of the 
magnetic Mn
4+
 cations.  What is less expected is the magnetic frustration in the 
system which is usually associated with specific cation arrangements 
[50]
.   
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Figure 3.12. 
ZFC-FC magnetic 
susceptibility for 
selected members in 
the series  
Sr1-xCaxTi0.5Mn0.5O3 
measured with an 
applied magnetic 
field of (a) 5 Tesla 
or (b-e)  0.1 Tesla.  
The feature evident 
near 44K for the 
sample of 
CaTi0.5Mn0.5O3 is 
believed to be due to 
the presence of a 
trace amount of 
ferrimagnetic 
Mn3O4 impurity. 
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Figure 3.13 Isothermal magnetization (M vs H) curves for Sr1-xCaxTi0.5Mn0.5O3 
measured at 5K between -7 and + 7Tesla.  The slight opening near the origin for 
SrTi0.5Mn0.5O3 is suggestive of soft ferromagnetic behaviour. 
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Figure 3.14 AC-magnetic susceptibility measurement data with different frequency 
at 10 Oe and 3 Oe alternating magnetic field 
Although the diffraction data shows no evidence for long range ordering of 
the Mn and Ti cations, it is possible that that these order on a local scale.  Aharen 
and co-workers 
[52]
 have shown that  the geometric frustration is possible in ordered 
double perovskites and reported  | |     to be ~ 16  in the cubic double perovskite 
Ba2YRuO6.. It is reasonable to conclude that all the Sr1-xCaxTi0.5Mn0.5O3 oxides 
display spin-glass behaviour as a consequence of both short range structural disorder 
and geometric frustration 
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3.3.1.3 Resistivity in Sr1-xCaxTi0.5Mn0.5O3  
The conductivity of selected samples was investigated and the results are 
shown in Figure 3.15.  The temperature dependence of the conductivity was 
described by the Arrhenius equation 
      
   
  ⁄                                              3.1 
where    is the electrical conductivity at certain temperature and    is the 
conductivity coefficient factor,    is the activation energy (eV),   is Boltzmann 
constant (8.617×10
-5
 eV. K
-1
) and T is temperature (K).  The activation energies (Ea) 
for the samples were estimated from the linear fit of   (  ) vs 1000/T in the high 
temperature region.  The activation energies are in the range of 0.15 ~ 0.19 eV, 
typical for semiconductors and the band gap was observed to increase with 
increasing Ca content.  Evidently as the M-O-M angles are reduced from 180° in the 
cubic structure of SrTi0.5Mn0.5O3 to an average of 158.0° in orthorhombic 
CaTi0.5Mn0.5O3 the gap between the, predominantly, 3d bands increase.  These 
results are in line with literature reports 
[53]
.   
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Figure 3.15. Temperature dependence of dc conductivity for selected samples of   
Sr1-xCaxTi0.5Mn0.5O3. The anomaly near 270 K in for CaTi0.5Mn0.5O3 is an 
instrumental artefact. 
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3.3.2 Perovskite series Sr1-xLaxTi0.5Mn0.5O3 
3.3.2.1 Structures of Sr1-xLaxTi0.5Mn0.5O3 
Recall that synchrotron and neutron diffraction analysis confirmed the 
structure of SrTi0.5Mn0.5O3 to be cubic in    ̅  as described above. Synchrotron X-
ray diffraction patterns measured for the x = 0.1 and  0.2 samples in  
Sr1-xLaxTi0.5Mn0.5O3 showed no evidence for splitting of either the h00, hhh (see 
Figure 3.16) or any other peak, nor was there any sign of superlattice reflections. The 
halfwidth of the 200 reflection near 24.5 ° is similar to that of the 111 reflection near 
21.2 ° as expected for a cubic structure.   
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 x 23
21 22 23 24 25
200
  
2 (degrees)  
Figure 3.16  Portions of the synchrotron X-ray diffraction profiles for five members 
of the series Sr1-xLaxTi0.5Mn0.5O3 from x = 0.5 (top) to 0.1 (bottom).  The intensity 
scale for the low angle region has been expanded to illustrate the growth of the peak 
around 2θ = 20°.  The shift to lower angle with increasing x reflects an increase in 
cell volume. 
The shift to lower angle with increasing x illustrated in Figure 3.16 is a 
consequence of the progressive increase in cell volume reflecting the transformation 
from Mn
4+
 (ionic radii 0.53 Å)  in SrTi0.5Mn0.5O3  to the larger Mn
3+
 ( 0.645 Å) 
cation in Sr0.5La0.5Ti0.5Mn0.5O3.  The ionic radii of 12-coordinate Sr
2+ 
  and La
3+
 are 
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1.44 and 1.36 Å respectively
[45]
.  The unit cell volume increased linearly with 
increasing La
3+
 content. 
For the remaining three samples,          , superlattice reflections due 
to R-point distortions were observed, see Figure 3.16, but none attributable to M-
point distortions were evident.  This indicates that only out-of-phase tilting of the 
octahedra is present.
[29]
  For these samples the  hhh peaks were split but there was no 
splitting of the h00 peaks (Figure 3.16). This is consistent with a rhombohedral 
structure in space group   ̅ .   
The patterns were then analysed by the Rietveld method, assuming the 
structures indicated above.  In    ̅  the A cations are at (½, ½, ½), the B cation at 
(0, 0, 0), and O at (½, 0, 0), and in   ̅  the A cations are on 2a sites at (¼, ¼, ¼), the 
B cations on the 2b sites at (0, 0, 0), and the O on the 6e sites (x,½-x, ¼). No atomic 
positions change in the former structure, and the only oxygen site can change in the 
latter one.  The refined atomic coordinates obtained for Sr1-xLaxTi0.5Mn0.5O3 are 
listed in Table 3.2 and these are in good agreement with those from Kallel and co-
workers 
[21]
.  The B-O distance for the sample x = 0.5 was estimated to be 1.969(4)Å, 
similar values were obtained for the two other rhombohedral structures.  The 
increase in intensity of the R-point reflection observed near 2θ = 20° in Figure 3.16 
reflects an increase in the magnitude of the tilting of the octahedra around the (111) 
axis from 3.4 to 7.5 ° (calculated from refined atomic position in a way described in 
reference 34)
[34]
 whereas the increased splitting of the (111) reflection reflects an 
increase in the rhombohedral angle from 60.02(2)° at x = 0.3 to 60.2804(7)° at  
x = 0.5. The structural evolution from cubic to rhombohedral with increasing La 
content is a reflection of changes in the tolerance factor which decreases as the La is 
added, from t = 1.020 for x = 0 to t = 0.977 for x = 0.5.  Whilst the addition of La 
requires the formation of the Jahn-Teller active Mn
3+
 (     
   
 ) cation, the structural 
studies showed no evidence for a distortion of the BO6 octahedra that would be 
indicative of a JT type distortion. 
Replacing the Sr with the smaller Ca cation in Ca0.5La0.5Ti0.5Mn0.5O3 results 
in a further lowering of symmetry, as evidenced from the splitting of both the (hhh) 
and (h00) type reflections (see Figure 3.17a).  In this case the synchrotron profile 
shows well resolved R and M-point reflections demonstrating the coexistence of both 
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in-phase and out-of-phase tilting of the octahedra and it was well fitted to an 
orthorhombic model in Pbnm.   
Table 3.2 Crystallographic information obtained from the Rietveld refinement of the 
SXRD patterns of Sr1-xLaxMn0.5Ti0.5O3 (x = 0 ~ 0.5)  
x = 0.1 0.2 0.25 0.3 0.4 0.5 
SG    ̅     ̅     ̅    ̅    ̅    ̅  
t 1.012 1.003 0.9989 0.9946 0.9861 0.9777 
a(Å) 3.86434(1) 3.87774(1) 3.88478(1) 5.49972(5) 5.51211(4) 5.51836(3) 
α (  ) 90 90 90 60.020(2) 60.2084(8) 60.2804(7) 
V(Å
3
) 57.7053(4) 58.3076(4) 58.6380(5) 117.74(11) 118.98(4) 119.63(4) 
Rp(%) 7.31 5.38 5.27 5.59 6.11 5.67 
RWP (%) 10.75 7.31 7.16 7.24 8.41 8.02 
χ2 57.15 21.36 6.37 20.02 29.29 23.40 
Sr/La   Biso 0.73(1) 0.71(1) 1.44(1) 0.73(1) 0.93(1) 0.95(1) 
Ti/Mn   Biso 0.15(1) 0.11(1) 0.26(1) 0.10(1) 0.27(1) 0.31(1) 
O    x ½ ½ ½ 0.7308(8) 0.7179(5) 0.7087(5) 
y ½ ½ ½ 0.7692(8) 0.7821(5) 0.7913(5) 
z ½ ½ ½ ¼ ¼ ¼ 
Biso 0.59(2) 0.88(2) 1.34(3) 1.42(3) 1.74(3) 1.96(5) 
Mn/Ti –O 1.93217(1) 1.93887(1) 1.9425(3) 1.9479(6) 1.9599(4) 1.9683(4) 
In    ̅  the A cations are at (½, ½,½), the B cation at (0, 0, 0), and O at (½, 0, 0). 
In   ̅  the A cations are on 2a sites at (¼, ¼, ¼) , the B cations on the 2b sites at  
(0, 0, 0), and the O on the 6e sites (x, ½-x, ¼). The displacement parameters for 
cations that occupy the same sites were constrained to be equal.  
In Pbnm,  the A cations are at ( ~ 0, ~ ½ ¼), the B cation at (0, 0, 0), O1 at 
( ~ 0, ~ 0, ¼) and O2 (¼ - u ¼ + v 0+w). In this model there are three distinct B-O 
distances of B-O1 = 1.9744(9) and B-O2 = 1.963(3) and 1.982(3) Å.  These results 
suggest the absence of a coherent Jahn-Teller type distortion of the Mn
3+
 cations 
observed  in a number of manganite perovskites including LaMnO3, Sr2SbMnO3 and 
Sr1-xCexMnO3
[54-56]
 .  Conversely replacing the Sr with the larger Ba cation results in 
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an increase in symmetry, the synchrotron measurements showing 
Ba0.5La0.5Ti0.5Mn0.5O3 to be cubic in    ̅ , see Figure 3.17b. The unique B-O 
distance in this structure is 1.98143(1) Å. 
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 Figure 3.17 Observed (black symbols), calculated (red line) and difference (green 
line) S-XRD pattern (a) for Ca0.5La0.5Ti0.5Mn0.5O3 and (b) for Ba0.5La0.5Ti0.5Mn0.5O3 
with insets highlighting the quality of fits to corresponding orthorhombic Pbnm and 
cubic    ̅  structural models respectively. 
Table 3.3 Refined atomic coordinates for Ca0.5La0.5Ti0.5Mn0.5O3 at room temperature.  
The lattice parameter a = 5.47707(3)  b = 5.49127(3) c = 7.73781(4)Å.  Rp = 2.97 
and Rwp = 3.87% .  The displacement parameters for cations that occupy the same 
sites were constrained to be equal. 
Atom x y z Biso 
Ca 0.0023(3) 0.5242(1) ¼ 0.83(1) 
La 0.0023(3) 0.5242(1) ¼ 0.83(1 
Mn 0 0 0 0.39(1) 
Ti 0 0 0 0.39(1) 
O1 -0.0713(8) -0.0108(4) ¼ 1.61(9) 
O2 0.2171(5) 0.2803(5) 0.0344(3) 1.35(5) 
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From the SXRD results, x = 0.25 in the series Sr1-xLaxTi0.5Mn0.5O3 appears to 
be the critical doping level where the cubic-rhombohedral transition occurs. This 
result was verified through the use of high resolution neutron powder  
diffraction (NPD).  The room temperature structures of two other oxides in the series 
Sr1-xLaxTi0.5Mn0.5O3 were investigated using NPD and the results of the structural 
refinements are summarised in Table 3.4. The NPD data demonstrates that 
Sr0.75La0.25Ti0.5Mn0.5O3 adopts a cubic structure at room temperature.  
Table 3.4.  Crystallographic information obtained from the Rietveld refinement of 
the neutron diffraction patterns of Sr1-xLaxMn0.5Ti0.5O3 (x = 0, 0.25, 0.4)  
x 0.0 0.25 0.40 0.40 
Temp 
(K) 
300 300 300 80 
Space 
group 
   ̅     ̅    ̅  Imma 
a(Å) 3.85627(10) 3.88590(11) 5.5136(3) 5.50461(4) 
b(Å) = a = a = a 7.76821(6) 
c(Å) = a = a = a  5.53439(4) 
α( ) 90 90 60.2070(2) 90 
Vol 
(Å
3
) 
57.346(2) 58.678(3) 119.076(10) 236.66(1) 
Sr/La  z ½ ½ ¼ 0.52419(13) 
Uiso 0.57(3) 0.62(2) 0.73 0.36 
Uiso 
(Mn) 
0.18(2) 0.16(2) 0.34 0.05 
O1  x ½ ½ -0.28408(8) 0 
y 0 0 0.78408(8) ¼ 
z 0 0 ¼ -0.0058(4) 
Uiso 0.61* 1.20* 1.31 3.42 
O2  y    0.02489(8) 
O2  Uiso    1.16 
In    ̅  the A cations are at (½, ½, ½), the B cation at (0, 0, 0), and O at (½, 0, 0). 
In   ̅  the A cations are on 2a sites at (¼, ¼, ¼) , the B cations on the 2b sites at  
(0, 0, 0), and the O on the 6e sites (x, ½-x, ¼).  In Imma the A cations are at (0, ¼, z), 
the B cation at (0, 0, 0), and O1 at (0, ¼, z) and O2 (¼,x, ¼)  
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The NPD pattern for the x = 0.4 sample was indicative of a rhombohedral 
structure in space group   ̅ .  The results of the Rietveld refinement for this are 
given in Table 3.4.  In this rhombohedral structure the B-site cation is bonded to six 
oxygen anions at 1.96109(7) Å; this structure does not allow for a JT-type distortion 
associated with the Mn
3+
 cation, although it is possible that locally the Mn
3+
 cations 
may exhibit some distortion of the octahedra.  The oxygen stoichiometry for the 
three compounds was allowed to vary during the Rietveld refinement and such 
refinements showed there not to be appreciable anion vacancies.  The average M-O 
distance increases as the amount of the larger Mn
3+
 cation increases.  Consequently 
in the final refinement cycle the anion sites were assumed to be fully occupied.  
Attempts to verify the absence of anion non-stoichiometry by TGA were 
unsuccessful.  
 
Figure 3.18.  Observed, calculated and difference neutron diffraction profiles for 
Sr0.60La0.40 Ti0.5Mn0.5O3.  The left hand patterns are from the back-scattering detector 
bank and the right hand panels are from the 90 degree detector bank.  The fits are to 
a rhombohedral model at 300K, orthorhombic model at 80 K and two phase 
orthorhombic + tetragonal model at 10 K. 
Cooling the two cubic oxides SrTi0.5Mn0.5O3 and Sr0.75La0.25 Ti0.5Mn0.5O3 to 
10 K did not result in any changes to the neutron diffraction patterns that could be 
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ascribed to either a crystallographic or magnetic phase transition.  Rietveld 
refinements have successfully confirmed    ̅  space group for these.  Conversely, 
as illustrated in Figure 3.18, cooling the rhombohedral sample  
Sr0.60La0.40 Ti0.5Mn0.5O3 to 80 K resulted in a transition to an orthorhombic structure 
that was identified as having Imma space group symmetry.  A   ̅  to Imma 
transition has been identified in a number of manganites
[57, 58]
  and involves a first 
order re-orientation of the tilts from (111) to (011), and as apparent from Figure 
3.19, there is an abrupt change in the, appropriately scaled, lattice parameters at this 
transition.  Cooling the sample to 10K results in a number of changes in the 
appearance of the diffraction pattern and a satisfactory fit was obtained from a two 
phase model Imma + I4/mcm (Figure 3.18).  Unfortunately it was not possible to 
obtain a pattern that contained only the tetragonal I4/mcm and the large errors in the 
refined structural parameters for this phase preclude discussion of this.  It is unclear 
if the small discontinuity in the lattice parameters near 50 K evident in Figure 3.19 is 
significant; it may be associated with magnetostriction. 
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Figure 3.19.  Temperature dependence of the appropriately scaled refined lattice 
parameters and unit cell volume for Sr0.60La0.40 Ti0.5Mn0.5O3.   Where not obvious the 
esds are smaller than the symbols. 
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Figure 3.20  Representation of the structures observed in the Sr1-xLaxTi0.5Mn0.5O3 
oxides (a) cubic    ̅  (b) orthorhombic Imma, and (c) rhombohedral   ̅ . Note 
view axes are chosen to show the octahedral distortions 
 
3.3.2.2 XANES 
To confirm the expected valence state of the Mn cations in  
Sr1-xLaxTi0.5Mn0.5O3, Mn K-edge XANES spectra were collected (Figure 3.21a).  
The Mn K-edge XANES spectra contain two major features: a main-edge feature 
(feature A) and pre-edge feature (feature B)
[59]
.  Feature A corresponds to a dipole-
allowed transition of a 1s electron into empty Mn 4p states.  The position of this is 
sensitive to the overall oxidation state of the Mn cations and is commonly used to 
study changes in the oxidation state of Mn cations in manganese  
oxides
[8, 9, 48, 49, 60, 61]
. Feature B corresponds to a dipole-forbidden transition of a 1s 
electrons into unoccupied Mn 3d states hybridized with O 2p states. Features in the 
pre-edge region near the main-edge may also correspond to the transition of 1s 
electrons into neighbouring Mn 3d states or low energy Mn 4p states
[49]
.  The 
intensity and energy position of the pre-edge peak is sensitive to a number of 
structural and electronic features including oxidation state, coordination 
environment, and crystal symmetry 
[59, 62]
.  
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Figure 3.21 The Mn K-edge XANES spectra of (a) Sr1-xLaxMn0.5Ti0.5O3 (x = 0, 0.1, 
0.25, 0.5) and (b) standards MnTiO3 (Mn
2+
), La2MnRhO6 (Mn
3+
), and CaMnO3 
(Mn
4+
).  The main-edge and pre-edge regions are labelled A and B, respectively.  
Dashed lines represent the absorption edge energy of Mn
3+
 and Mn
4+
 standards.  All 
spectra were collected in florescence mode. 
There is a general decrease in the Mn K-edge absorption edge energy across 
the Sr1-xLaxTi0.5Mn0.5O3 series with increasing x, consistent with a decrease in the 
oxidation state of the Mn cations.  This decrease in oxidation state is also supported 
by a gradual decrease in the intensity of the pre-edge edge features (due to a decrease 
in unoccupied Mn 3d states with decreasing oxidation state)
[8, 9]
.  When compared to 
standards of known oxidation states (Figure 3.21b), the absorption edge energies of 
end members SrTi0.5Mn0.5O3 (6555.1 eV) and Sr0.5La0.5Ti0.5Mn0.5O3 (6552.4 eV) are 
comparable to CaMnO3 (6555.8 eV) and LaMnRhO6 (6552.6 eV), respectively, 
suggesting that the oxidation state of Mn decreases from +4 to +3 with increasing x.  
The composition dependence of the oxidation states of the Mn were estimated by 
fitting the Mn K-edge spectra with a linear combination of La2MnRhO6 (Mn
+3
) and 
CaMnO3 (Mn
4+
).  As shown in Figure 3.22, the oxidation state of Mn decreases from 
+3.94 to +3.04 across the Sr1-xLaxTi0.5Mn0.5O3 series.  These values are consistent 
with the lack of detectable anion vacancies in the neutron diffraction analysis. 
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Figure 3.22.  Variations in the oxidation states of Mn and Ti estimated from a linear 
combination analysis of the Mn K-edge XANES spectra using La2MnRhO6 and 
CaMnO3 as Mn
3+
 and Mn
4+
 standards, respectively. 
 
The linear combination fitting of the Mn K-edge XANES spectra implies that 
the oxidation state of Ti remains +4 across the series.  To confirm that there are no 
changes in the Ti oxidation state, Ti K-edge XANES spectra were collected (Figure 
3.23).  Unfortunately, due to a lack of appropriate Ti
3+
 standards, it is not possible to 
determine the oxidation state of Ti via linear combination analysis. However, 
information on the oxidation state and coordination environment of Ti cations can be 
inferred from the Ti K-edge.  Like the Mn K-edge, the Ti K-edge consists of a main-
edge feature (Feature A) and a pre-edge feature (Feature B).  The absorption edge 
energy of the Ti K-edge does not change across the Sr1-xLaxMn0.5Ti0.5O3 series, 
confirming that there is no change in the oxidation state of the Ti cations. Although 
there are no significant changes in the main-edge, there are noticeable changes in the 
pre-edge feature.  If the oxidation state of the absorbing cation is fixed, changes in 
0.0 0.1 0.2 0.3 0.4 0.5
3.0
3.2
3.4
3.6
3.8
4.0
x in Sr1-xCaxTi1/2Mn1/2O3
M
n 
(T
i) 
O
xi
da
tio
n 
S
ta
te
 Mn Oxidation State
 Ti Oxidation State
Chapter 3 
 
79 
 
the lineshape of the pre-edge are typically due to changes in coordination 
environment of the absorbing cations
[59, 63-66]
.   
 
Figure 3.23.  Ti K-edge XANES spectra of Sr1-xLaxMn0.5Ti0.5O3.(x = 0, 0.1, 0.25, 
0.5) highlighting the main-edge (Labelled A) and pre-edge (Labelled B) regions.  
Insert shows the various features (labelled B1-B4) of the pre-edge.  All spectra were 
collected in fluorescence mode. 
 
For titanate perovskites, in particular, the pre-edge intensity is sensitive to the 
displacement of Ti
4+
 cations 
[67-70]
.  There are four peaks (labelled B1-B4) observed 
in the Ti K-edge pre-edge.  Peaks B1 and B2 corresponds to the transitions of 1s 
electron into t2g and eg states, respectively 
[65, 68]
.  Due to hybridization with O 2p 
states, the eg peak is incredibly sensitive to the displacement of the Ti cations within 
the TiO6 octahedra.  In general, B1 decreases in intensity relative to B2 across the                    
Sr1-xLaxMn0.5Ti0.5O3 series, consistent with an increase in the distortion of the TiO6 
octahedra expected with the Pm ̅m  R ̅C phase transition.  The changes in peaks 
B3 and B4 are less obvious.  Features in this region of the pre-edge are typically due 
to the transition of the 1s electron into the 3d states of neighbouring Ti
4+
 cations 
[65, 
67-70]
.  It is possible that the two peaks correspond to t2g (peak B3) and eg (peak B4) 
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states of the neighbouring Ti cations.  However, the change in the relative intensities 
of peaks B3 and B4 are inconsistent with an increase in the distortion of the TiO6 
octahedra.  It is also more likely that the transition into the neighbouring Ti
4+
 cation 
t2g states would be found in the region of peak B2
32,33
.  Alternatively, peaks B3 and 
B4 may correspond to transitions to the Ti and Mn 3d states respectively.  Although 
the Mn 3d states should be at approximately the same energy as the Ti 3d, similar 
peak splitting was recently observed in this region in the Ti K-edge XANES spectra 
of SrTi1-xFexO3-δ, which becomes more pronounced with increasing  Fe content 
[70]
.
 
Features corresponding to other cation d states have been observed in the Ti K-edge 
of ATi1-xZrxO3 (A = Ca, Ba, Pb)
[67-69]
.  The decrease in the intensity of B4 is 
consistent with the decrease in the oxidation state of Mn observed in the Mn K-edge 
(fewer empty Mn 3d states).  The increase in the intensity of B3 is also consistent 
with an increase in TiO6 distortion that facilitates increased mixing of Ti 3d and O 
2p states. 
 In summary the XANES measurements confirm the expectation that the 
addition of La
3+
 to SrTi0.5Mn0.5O3 results in reduction of the Mn cations from Mn
4+
 
to Mn
3+
.  The data show that the local distortions of the TiO6 octahedra increase with 
increasing La content, in agreement with evidence from our diffraction studies.  
Analysis of the XANES data suggests that there are no appreciable anion vacancies.  
 
3.3.2.3 Magnetism in Sr1-xLaxTi0.5Mn0.5O3 
The temperature dependence of the zero field-cooled (ZFC) and field-cooled 
(FC) magnetic susceptibilities of the various compositions studied, illustrated in 
Figure 3.24, show a remarkable sensitivity to composition. Although it is appropriate 
to describe the samples as spin-glasses the susceptibility suggest a change in the 
dominant exchange from essentially antiferromagnetic (AFM) at x = 0 to 
ferromagnetic (FM) at x = 0.1.  Increasing the La
3+
 (and hence Mn
3+
) content further 
results in a decrease in the susceptibilities at low temperatures, indicative of AFM 
coupling and a general weakening of the FM exchange such that for x = 0.5 the AFM 
exchange appears to again dominant. 
 
Chapter 3 
 
81 
 
0.005
0.010
0.015
0.0
0.5
1.0
1.5
2.0
2.5
0.0
0.5
1.0
1.5
0.00
0.25
0.50
0.75
0.0
0.5
1.0
1.5
2.0
0.0
0.5
1.0
1.5
50 100 150 200 250 300 350 400
0.0
0.5
1.0
-0.05
0.00
0.05
-0.5
0.0
0.5
-0.5
0.0
0.5
-0.5
0.0
0.5
-1
0
1
-1.2
-0.6
0.0
0.6
1.2
-2 0 2
-2
-1
0
1
2
x = 0.2
 
 
 
 
 
x = 0.25
 
  
 
 
x = 0.3
  
x = 0.4
 
 
x = 0.5
  
x = 0x = 0
(b)
 
 
 
 
(c)(a)
x = 0.1
 
  
x = 0.2
 
  
x = 0.25
 
 
x = 0.3
 
 
 
x = 0.4
 
 
x = 0.5
 
 
 
 
M
ag
n
et
iz
at
io
n
 (

B
/m
o
le
 M
n
)
-0.2
0.0
0.2
x = 0.1
 
 
-0.2
0.0
0.2
x = 0.2
 
 
-0.2
0.0
0.2
x = 0.25
 
 
-0.2
0.0
0.2
x = 0.3
x = 0.1
 
 
-0.2
0.0
0.2
x = 0.4
 
 
-2 0 2
-0.2
0.0
0.2
x = 0.5
all above @5 all above @300
 
 
Magnetic Field (esla)Temperature ()
M
ag
n
et
ic
 S
u
sc
ep
ti
b
il
it
y
 (
em
u
/m
o
le
 f
o
r 
M
n
)
 
Figure 3.24. (a) Zero field cooled (ZFC) and field cooled (FC) Magnetic 
susceptibilities for Sr1-xLaxTi0.5Mn0.5O3 measured in an applied magnetic field of 100 
Oe. The ZFC measurements are shown as red symbols and the FC as black symbols.  
M-H magnetization hysteresis loops for Sr1-xLaxTi0.5Mn0.5O3 measured at (b) 5K and 
(c) 300K. The unusual crossing of the ZFC and FC curves for the x = 0.1 and 0.2 are 
possibly due to thermal effects. 
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Ferromagnetism in manganate perovskites is generally explained by a 
double-exchange mechanism in which an eg electron moves between the Mn
3+
 and 
Mn
4+
 cations via the 2p orbital of a bridging oxygen.  Two features of the present 
oxides are relevant to this.  Firstly the amount of Mn
3+
 and hence occupancy of the 
eg orbitals depends on the precise composition.  The importance of this is reduced as 
the amount of Mn
4+
 decreases.  Secondly the Mn and Ti are disordered at the centre 
of the BO6 octahedra and the Ti will effectively dilute the spins; however, since Ti 
has empty eg orbitals it may still propagate next-nearest neighbour exchange 
interactions.  
Antiferromagnetism in manganate perovskites is generally explained by a 
superexchange mechanism. The antiferromagnetic superexchange interactions are 
likely to involve the t2g electrons and these interactions may be orthogonal to the 
ferromagnetic interactions.  This has been observed in Sr1-xLaxMnO3 and related 
systems 
[4, 6, 7]
. The changes evident in Figure 3.24 mirror the behaviour of the 
analogous manganate series Sr1-xLaxMnO3, but are noticeably different to that seen 
for Sr1-xBixTi0.5Mn0.5O3 which displays paramagnetic behaviour that is moderated by 
weak exchange coupling
[19]
.  It was proposed that in Sr1-xBixTi0.5Mn0.5O3 disorder of 
the Ti and Mn cations frustrates long range magnetic ordering 
[19]
.  Although the Ti 
and Mn cations are also disordered in Sr1-xLaxTi0.5Mn0.5O3 this does not appear to 
suppress short range magnetic interactions, suggesting a special role for the Bi
3+
 
cations.  The increase in the Mn
3+
 concentration that accompanies La doping in    
Sr1-xLaxTi0.5Mn0.5O3 is expected to enhance the ferromagnetic double-exchange 
interaction between the Mn
3+
 and Mn
4+ 
ions.
  
The data for Sr1-xLaxTi0.5Mn0.5O3 
demonstrate that the co-existence of Mn
3+
 and Mn
4+
 is a requirement for FM 
behaviour and it is illustrative that this appears to be strongest at x < 0.2 rather than x 
= 0.25, as might have been expected, due to the 1:1 ratio of Mn
3+
:Mn
4+
.  Recall that 
samples up to x = 0.2 are cubic (space group Pm ̅m) but for higher x values they are 
rhombohedral (space group R ̅c) suggesting that the precise structure may play a 
role in this. 
One consequence of the strong FM coupling seen for the x = 0.1~ 0.4 
samples is branching of the ZFC and FC susceptibility curves near 400K.  Only for 
the x = 0 and 0.5 samples did the inverse susceptibility obey the Curie-Weiss law 
over a reasonably large temperature range.  The effective moment for the x = 0 
Chapter 3 
 
83 
 
sample is estimated to be 4.66 μβ which is slightly larger than the spin-only value of 
3.87 µB.  This increase is possibly due to the formation of magnetic clusters giving 
rise to superparamagnetic behaviour.  For the x = 0.5 sample the observed moment 
of 4.81 µB  is in good agreement with the expected spin only value of 4.90 µB. 
The La-doped samples behave like soft ferromagnets below room 
temperature as evident from both the divergence of ZFC-FC susceptibilities and the 
field-dependence of magnetisation.  They show high magnetic susceptibility with no 
clear saturation moment (most obvious in the 5K hysteresis loops for the x = 0.1 ~0.3 
samples) and extremely narrow (almost zero) coercivity.  These are the key 
characteristics of superparamagnetic systems, such as those composed of small 
ferromagnetic nanoparticles.  The complex magnetic behaviour is possibly 
influenced by grain boundary effects.  Scanning Electron Micrographs (SEM) and 
associated elemental maps for Sr0.5La0.5Ti0.5Mn0.5O3 are illustrated in Figure 3.25.  
The sample is observed to be highly crystalline and, with the exception of a build up 
of carbon (from the coating) at the pores, the samples appear homogeneous.   
Mapping across the grain boundaries demonstrates these are rich in La and 
Mn ( Sr-Ti poor), see Figure 3.25(i). It is possible that magnetism from the grain 
boundaries will be different to that of the bulk sample, although the volume fraction 
of the material in the grain boundaries appears to be considerably less than that 
within the main particles.  Further, SEM analysis of samples with lower La contents 
did not reveal similar effects.  Since this grain boundary enrichment is only evident 
for the x = 0.5 sample, possibly due to the 1:1 ratio of LaMnO3 and SrTiO3 in this 
particular sample, it is believed that this is not the cause of the unusual magnetic 
properties seen here.  For lower La doped samples in the Sr1-xLaxTi0.5Mn0.5O3 series, 
the coexistence of Mn
3+
, Mn
4+
, Ti
4+
 and their unequal ratio appears  not to favour 
such phase separation. Although not immediately apparent in our SEM studies of the 
samples with x < 0.5, phase enrichment may still be present on the nanoscale and this 
could influence the magnetic behaviour. 
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Fig. 3.25 SEM elemental mapping and line spectra for Sr0.5La0.5Ti0.5Mn0.5O3.  (a) 
Backscattered SEM micrograph. (b)-(f) Elemental maps. In (d) the carbon coating is 
found to concentrate in the pores of the sample.  The results in (i) show the variation 
of the elements across the grain boundary illustrated in (g and h). 
The results here are somewhat different from those reported by Álvarez-
Serrano
[20, 22]
 and Kallel et al.
[21]
 and it is believed that this reflects differences in the 
synthetic methods employed in the various studies.  This difference is obvious when 
one compares ZFC-FC magnetic susceptibilities for x = 0.25 and 0.5 samples of 
current study at the same magnetic field (500 Oe) which Kallel et al. used
[20-22]
 (see 
Figure 3.26). 
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Figure 3.26.  Zero field cooled (ZFC) and field cooled (FC) Magnetic susceptibility 
of Sr1-xLaxTi0.5Mn0.5O3 measured in an applied magnetic field of 500 Oe. 
3.3.2.4 Resistivity of Sr1-xLaxTi0.5Mn0.5O3 
The temperature dependent variation of electrical resistivity in the range of 
5–300 K of the various samples in Sr1-xLaxMnO3 system is illustrated in Figure 3.27 
and demonstrates that all the samples are semiconductors. The activation energy for 
each sample was estimated from a linear fit of ln(1/R) vs 1/T and was found to 
progressively increase with increasing La-doping, from 0.13eV for x = 0.1 to  
0.18 eV for x = 0.5.  This behaviour is in contrast to the metallic conductivity 
observed in the analogous Sr1-xLaxMnO3 oxides which are metallic below 300K
[1]
. In 
the present study, replacement of 50% of Mn with Ti clearly precludes metallic 
conductivity.  There is no obvious correlation between the ferromagnetic transition 
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temperature TC and conductivity.  This suggests that the activation energies are 
influenced mainly by local structural distortion rather than FM double exchange 
interactions proposed by Dabrowski et al. to be important in the pure manganites
[71]
. 
 
Figure 3.27 Temperature dependence of dc resistivity for Sr1-xLaxTi0.5Mn0.5O3. 
 
3.4 Conclusion 
The structures of the mixed metal perovskites Sr1-xAxTi0.5Mn0.5O3 (A = Ca, 
La) and A0.5La0.5Ti0.5Mn0.5O3 (A = Ca, Sr, Ba) have been established using a 
combination of synchrotron and neutron diffraction methods and the magnetic and 
dc resistivity of these described.  The results revealed that in all cases the structures 
are best described as disordered ABO3 perovskites where the Ti and Mn cations are 
disordered at the centre of the corner sharing octahedral sites.  Replacement of Sr 
with the small Ca cation in Sr1-xCaxTi0.5Mn0.5O3 system induces a series of structural 
changes as a consequence of cooperative tiling of the corner sharing octahedra.  This 
tilting provides optimal bonding for both types of cations as revealed by valence 
bond sum calculations.  All the Ca-doped oxides show spin-glass type behaviour 
with large Curie Temperatures. The susceptibility studies indicate the presence of 
geometric frustration, suggesting local ordering of the Ti and Mn cations is present 
although this is not obvious from the diffraction studies.   
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For the Sr1-xLaxTi0.5Mn0.5O3 series, the influence of La doping, on both 
structures and magnetic properties, is remarkably different from that of Ca doping, 
reflecting the presence of Mn
3+
. At room temperature the oxides have a cubic 
structure in space group    ̅   for x ≤ 0.25 and rhombohedral in   ̅   for            
0.3 ≤ x ≤ 0.50.  X-ray absorption spectroscopic measurements demonstrate the 
addition of La
3+
 is compensated by the partial reduction of Mn
4+
 to Mn
3+
.  Variable 
temperature neutron diffraction measurements show that cooling 
Sr0.6La0.4Ti0.5Mn0.5O3 results in a first order transition from rhombohedra to an 
orthorhombic structure in Imma. The magnetic properties are shown to be extremely 
sensitive to the Mn
3+
 content that forms as a consequence of the addition of La
3+
.  
The present samples are somewhat of a paradox.  The structural studies 
demonstrate the absence of long range Ti-Mn ordering.  The dc electrical resistivity 
measurements indicate the samples are activated semiconductors consistent with the 
disorder of the Ti
4+
 (d
0
) and Mn
 
cations.  This disorder is expected to frustrate 
magnetic ordering and the neutron diffraction measurements are in keeping with this 
expectation.  Despite the clear evidence for cation disorder the samples show 
complex magnetic behaviour indicative of robust magnetic interactions.  These 
apparently conflicting observations suggests the formation of microdomains with 
short range cation ordering. As noted in the introduction there is a lack of consensus 
on the magnetic properties of these oxides.  This reflects both the importance of local 
and short range ordering of the cations and the sensitivity of such ordering to the 
precise conditions used to prepare the samples.  Such sensitivity plagued early 
studies of the magnetic studies of mixed valence Mn
3+
/Mn
4+
 materials including        
Pr0.5Sr0.5MnO3 
[72]
, and is possibly the reason for the differences between this work 
and that of Álvarez-Serrano and Kallel et al
[20-22]
.   Nevertheless it is clear that the 
magnetic properties can be tuned by precisely controlling Mn
3+
 /Mn
4+
 ratio. 
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Chapter 4  
Stabilising the Orthorhombic Perovskite Structure in 
 B-site Cation Doped SrIrO3 
4.1 Introduction 
Despite the perovskite SrIrO3 being first described over 40 years ago
[1]
, it has 
been subjected to relatively few studies, and the effect of doping on its magnetic and 
electronic properties remain largely unexplored.  This is in marked contrast to the 
vast literature describing the isostructural 4d analogue SrRuO3 and its numerous 
doped variants 
[2, 3]
.  The lack of experimental studies of doped SrIrO3 in part reflects 
the need for extreme conditions to stabilise it.  
Transition-metal oxides containing the 4d or 5d metals are of considerable 
interest since these often exhibit cooperative quantum phenomena due to competition 
between Coulombic repulsion and the itinerancy of d electrons. Ru and Ir oxides 
typically show high electronic conductivity due to the size of the nd orbitals, 
although there are numerous exceptions including the Mott insulator Sr2IrO4.  The 
unique behaviour of Sr2IrO4 is driven by the large spin-orbit coupling of the 5d 
orbitals 
[4, 5]
.  Despite the chemical similarity of Ru and Ir there are numerous 
examples where the properties of the corresponding oxides are remarkably different.  
Sr2RuO4 has a similar layered structure to Sr2IrO4 
[6]
 and is a rare example of a 4d 
superconductor
[7, 8]
.  The impact of chemical doping of such oxides is of 
considerable interest 
[9, 10]
. 
In general, Ir oxides, such as SrIrO3, are expected to exhibit metallic features 
due to the diffuse nature of their 5d orbitals 
[11, 12]
.  This is not always the case as 
revealed by the Ruddlesden-Popper series Srn+1IrnO3n+1, which contains a similar 
corner sharing motif to that found in O-SrIrO3 (O denotes for orthorhombic).  For 
example, the n = 1 and 2 members of the series (Sr2IrO4 and Sr3Ir2O7) are insulators, 
and it is believed that this is a consequence of the large spin-orbit (SO) interaction of 
iridium 
[5, 13-17]
.  Chemical doping of SrIrO3 could provide a framework for further 
exploring new materials and understanding the electronic and magnetic properties of 
Ir oxides.   
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  In the present work, the synthesis of a number of doped oxides of the type 
SrIr1-xMxO3 (where M = 3d transition-metals) is described. To facilitate the 
discussion, this chapter is divided into two sections. The first section explores a new 
orthorhombic perovskite series SrIr1-xMxO3. In the second section, the structural 
properties of the non-transition metal doped series SrIr1-xMgxO3 are described. The 
results described in the second section provide evidence for the conditions required 
for the formation of mixed metal iridate perovskites. 
 
4.2. Experimental  
Polycrystalline samples of SrIrO3 and SrIr1-xMxO3 (M = 3d transition metals,  
0 ≤  x ≤ 2/3 ) were synthesized by solid state reaction methods, using stoichiometric 
quantities of SrCO3 (Aldrich 99.99%), Ir metal (Aithaca 99.99%), Sc2O3, TiO2, 
V2O5, Cr2O3, MnO2, Fe2O3, Co3O4, NiO, CuO, ZnO, and MgO.  The transition metal 
oxides were from Aldrich and of purity ≥99.99% except for Fe2O3 (Aldrich 99%).  
These powders were mixed, ground and preheated in alumina crucibles at 800 °C for 
12 hrs. Successive grinding, pelletizing and heating were performed at 1000 °C and 
1100 °C for 48 hrs, and finally in temperature range up to 1180 °C, until the  
diffraction pattern no longer changed or the sample had no detectable impurities.  
The reactions were monitored by powder X-ray diffraction with Cu Kα radiation, 
using a PANalytical X’Pert PRO X-ray diffractometer equipped with a PIXcel solid-
state detector.  Variable temperature diffraction measurements were performed on 
the same diffractometer using a XRK 900 Reactor Chamber.  For such 
measurements, samples were allowed to equilibrate for five minutes after reaching 
each the desired temperature.  Each pattern took around 18 minutes to collect. 
Synchrotron X-ray powder diffraction data were collected using the powder 
diffractometer at beamline BL-10 of the Australian Synchrotron 
[18]
.  Each sample 
was finely ground and housed in a sealed 0.2 mm diameter quartz capillary that was 
rotated during the measurements.  X-rays of wavelength 0.82554Å were used to 
examine the 3d TMs doped oxides and of 0.58966Å for the Mg-doped oxides.  
Neutron diffraction data for SrIrO3, SrIr0.8Ni0.2O3 and SrIr0.8Mg0.2O3 were collected 
at room temperature over the angular range 10° < 2θ < 162° with neutrons of 
Chapter 4 
94 
 
wavelength 1.622 Å, using the high resolution powder diffractometer Echidna at the 
Australian Nuclear Science and Technology Organisation’s OPAL facility [19].   
The X-ray diffraction data was used to refine the structures by the Rietveld 
method as implemented in the program RIETICA
[20]
.  The peak shapes were 
modelled using a pseudo-Voigt function and the background was estimated by 
interpolating between ~40 selected points.  The scale factor, detector zero point, 
lattice parameters, atomic coordinates and atomic displacement parameters were 
refined together with the peak profile parameters.  The site occupancy factors of the 
cations were fixed to the nominal values.  The structural refinements from the 
neutron diffraction data were performed using GSAS software program
[21]
.  The 
oxygen content of the samples, estimated from the neutron diffraction measurements, 
suggested full occupancy of the oxygen sites. 
The sample morphology and homogeneity were monitored using a Zeiss-
Ultra plus Field-Emission Scanning electron microscope equipped with EDS 
detectors.  The cation stoichiometry of the sample was confirmed by inductively 
coupled plasma (ICP) analysis using a Varian 720-ES ICP Optical Emission 
Spectrometer.  Complete digestion for ICP was achieved by dissolving the sample in 
a concentrated hydrochloric acid/Cl2 medium
[22]
.  Attempts to dissolve SrIr0.8Mg0.2O3 
in concentrated nitric acid or aqua regia resulted in an incomplete dissolution, but 
complete digestion of sample was achieved by fluxing the sample in concentrated 
hydrochloric acid in a Cl2 atmosphere
[22]
.  43.6 mg of a powder sample of 
SrIr0.8Mg0.2O3 was placed, with 17 mL of concentrated (32%) hydrochloric acid, in a 
250 mL three neck flask. 1 gram of KClO3 were added in a test tube (to keep the salt 
isolated from the acid) in the three neck flask as shown in Figure 4.1.  The sample 
was heated using a hot plate. HCl gas evaporated from acid, reacted with the KClO3 
to form Cl2 gas. After 4 hours, complete digestion was apparent. The solution was 
then quantitatively transferred into 250ml volumetric flask, while it was still hot, and 
the flask rinsed several times with Milli Q water. Once cool the solution was made to 
volume. Note cooling of the digested solution in three neck flask leads to the 
formation of insoluble residues. This limits  the accuracy of ICP-MS results, and to 
avoid this the digested solution was transferred while it was hot, diluted, and then 
cool down to room temperature. 
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Figure 4.1 (a) Experimental set up for sample digestion for ICP measurements and 
(b) digested SrIr0.8Mg0.2O3 in hydrochloric acid/Cl2 medium 
Magnetic properties and electrical resistivity were measured with a Quantum 
Design Physical Property Measurement System (PPMS) system in the range of 5–
300 K.  Zero-field cooled (ZFC) and field-cooled (FC) magnetic susceptibility data 
were collected with a magnetic field of 1000 Oe. AC magnetic susceptibilities for 
SrIr0.8Mg0.2O3 were measured at frequencies of 100, 333, 1000, 3333, 5760, and 
10000 Hz with an alternating field 10 Oe . 
 
4.3. Results and Discussion  
4.3.1 Synthesis, structures and properties of transition metal doped SrIrO3 
4.3.1.1 Crystal structure of SrIrO3 and its temperature dependence. 
It is widely accepted that SrIrO3 adopts a monoclinic distortion of the 6H-
hexagonal perovskite structure in space group C2/c when prepared at ambient 
pressure, as described by Longo et al. 
[1]
. However, it has been reported that SrIrO3 
crystallize in cubic I2/m ̅ space group[23], subsequently the structure of this was 
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revisited.
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Figure 4.2  Observed, calculated and difference (a) laboratory X-ray (b)  neutron 
powder diffraction and (c) synchrotron X-ray diffraction patterns for SrIrO3 at room 
temperature (Note that symbols * in SXRD pattern indicate extra reflections due to 
fluorescence of heavy metal iridium, such reflections are not seen in either neutron 
or conventional laboratory X-ray diffractions) 
 
As illustrated in Figure 4.2, all the conventional X-ray, synchrotron X-ray 
and neutron diffraction data unanimously prove that a monoclinic distortion of the 
6H-hexagonal perovskite structure in space group C2/c is the right model for SrIrO3. 
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In this structure there are two independent positions for the Ir atoms.  At both sites 
the Ir cations are coordinated to six oxygen anions and the Ir(2)O6 octahedra are 
arranged as pairs of face-shared octahedra that are joined by common corners to a 
plane of corner sharing Ir(1)O6 octahedra, see Figure  4.3(a).   
 
 
 
Figure 4.3 Representation of the crystal structure of (a) 6H - SrIrO3 and (b) 
orthorhombic - Pbnm SrIr0.8Ni0.2O3.  The former structure is characterised by face 
sharing Ir2 dimers that are absent in the latter structure. 
 
The structure was refined from neutron diffraction (ND) data (see Figure 
4.2b) in space group C2/c and the refined structural parameters are summarised in 
Table 4.1   In this structure the Ir(1) cation has an average Ir-O distance of 2.006 Å 
typical of Ir
4+
 with the individual distances in a narrow range 1.987(7) - 2.038(8) Å.  
In contrast the Ir(2) octahedra in the Ir2O9 dimers are not regular.  The Ir(2)-O(1) 
bond lengths, on the shared face of the dimer, are longer than those to O(2) that are 
on the vertices of the Ir(2)O6 octahedra. The average Ir(2) -O distance 2.030 Å is 
also typical of tetravalent Ir 
[24]
.  The Ir(2)-Ir(2) distances is relatively short,  
2.770(8) Å, but is noticeably longer the Ir-Ir distance found in the members of the 
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series Ba3Ln
3+
Ir2
4.5+
O9 (Ir-Ir distance 2.53-2.58Å) 
[25]
, reflecting the greater 
electrostatic repulsion of the Ir
4.5
 dimers. 
Variable temperature X-ray powder diffraction measurements  
(see Figure 4.4) confirmed that the monoclinic C2/c structure of SrIrO3 is stable up 
to 900°C with no evidence for any structural phase transitions.  The thermal 
expansion of the material was unremarkable and although the monoclinic angle was 
systematically reduced upon heating, a transition to the hexagonal structure was not 
observed below the decomposition temperature of SrIrO3.These results are in good 
agreement with that reported by Longo and co-workers
[1]
. 
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Figure 4.4 Temperature dependence of the unit cell parameters for SrIrO3 obtained 
from conventional X-ray diffraction data. 
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Table 4.1 (a) Structural Parameters for SrIrO3.  The structure was refined, from 
neutron diffraction data, in space group C2/c ( No.14) with a = 5.60401(29),             
b = 9.6256(4), c = 14.1834(7) Å,  β = 93.202(4)° and Vol = 763.89(6)Å3 
Name Site  x y z Uiso 
*100 (Å
2
) 
Sr1 4e 0 0.0092(10) 0.25 2.85(22) 
Sr2 8f 0.0122(10) 0.6667(8) 0.0957(4) 4.82(20) 
Ir1 4a 0 0 0 4.78(20) 
Ir2 8f 0.9820(8) 0.6660(5) 0.84698(29) 4.59(14) 
O1 4e 0 0.4981(13) 0.25 5.84(39) 
O2 8f 0.2411(14) 0.2649(7) 0.2630(5) 2.87(19) 
O3 8f 0.8112(13) 0.4077(8) 0.0474(5) 5.72(24) 
O4 8f 0.9407(15) 0.1544(9) 0.4087(5) 5.35(29) 
O5 8f 0.3238(18) 0.4204(8) 0.1058(6) 5.86(23) 
 
(b) Selected bond lengths (Å) and angles (°) for SrIrO3  
 
Ir1-O3x2 (Å ) 2.038(8) Ir2-O(average) (Å ) 2.030 
Ir1-O4x2 (Å ) 1.987(7) Ir2-Ir2 (Å )   2.770(8) 
Ir1-O5x2 (Å ) 1.994(7) Ir2-O3-Ir1  (°) 149.6(4) 
Ir1-O (average) (Å ) 2.006 Ir2-O4-Ir1  (°) 158.8(5) 
Ir2-O1  (Å ) 2.100(11) Ir2-O5-Ir1  (°) 149.3(5) 
Ir2-O2  (Å ) 2.055(8)           Ir2-O-Ir1(average)  (°)  152.6 
Ir2-O2  (Å ) 2.040(8) Ir2-O1-Ir2 (°) 82.5(6) 
Ir2-O3  (Å ) 1.974(9) Ir2-O2-Ir2 x 2 (°) 85.11(31) 
Ir2-O4 (Å ) 1.957(9) Ir2-O-Ir2(average)   (°) 84.2 
Ir2-O5 (Å ) 2.051(9)   
 
4.3.1.2. SrIr1-xMxO3 Solid Solutions  
Efforts were made to prepare samples of the type SrIr1-xMxO3 with various 
transition metals (M) at ambient pressure are summarised in Table 4.2.  It was 
established from these experiments that attempts to substitute Ir with another metal 
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rarely resulted in the formation of single phase materials.  With notably few 
exceptions the 6H-SrIrO3 structure persisted when the M dopant level was between  
x = 0.05 and x = 0.2, however the diffraction patterns revealed the presence of at 
least two phases.  For none of the metals investigated was it possible to obtain single 
phase samples of the composition SrIr0.9M0.1O3 , although examination of the 
diffraction pattern suggested the formation of a regular perovskite-type structure at 
ambient pressures.  For M = Co, Ni or Zn increasing the dopant level to x = 0.2 
yielded single phase samples.  X-ray diffraction analysis indicated an orthorhombic 
distortion similar to that observed in other ABO3 perovskites such as SrRuO3 and the 
high pressure form of SrIrO3. 
The same orthorhombic structure was found for M = Co, Ni or Zn when x 
was increased to 0.25.  Increasing the transition metal content to greater values 
resulted in the appearance of additional reflections in the diffraction patterns 
indicative of impurity phases.  Attempts to prepare single phase SrIr0.8M0.2O3 (M = 
Sc, Ti, V, Cr, Mn, Fe or Cu) samples were invariably unsuccessful, although for M = 
Fe single phase samples were formed for x = 0.33~ 0.67 (these are described in 
Chapter 5).  The size of the cation appears to contribute to the stability of the doped 
oxides.  In general, cations with ionic radii smaller than that of Ir
4+
 (0.625 Å) tended 
not to form single phase orthorhombic perovskites whereas dopant cations with ionic 
radii greater than that of Ir
4+
 were more likely to form single phase materials.  This 
observation is in contrast to Bremholm et al. 
[26]
 suggestion that there was no 
obvious correlation between the ionic size of the dopant cation and the formation of 
the orthorhombic perovskite.   
The synthetic efforts, summarised in the Table 4.2, demonstrated that single 
phase samples could only be obtained with very specific x values; x = 0.2~0.25 for 
divalent metals and 0.33 ≤ x ≤ 0.67 for trivalent metals.  Lower or higher values 
always resulted in mixed phase samples.  It was postulated that a critical role of the 
substituting M cation is to increase the average effective oxidation state of iridium 
from +4 to at least +4.5.  Interestingly, specific conditions for the formation of  
SrIr1-xMxO3 solid solution series involves Ir
4.5+
, where Ir
4+
 and Ir
5+
 must be present in 
1:1 ratio as        
       
      
  O3 and         
        
       
   3.  From this very specific 
ratio, it is tempting to propose that B-cation ordering occurs, however no evidence of 
long range ordering was found in the diffraction measurement. 
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Table 4.2 A summary of the attempted synthesis in the series SrIr1-xMxO3.  
Unsuccessful syntheses are indicated by the crosses.  Where the entry is blank the 
composition was not investigated. 
x/M Sc Ti V Cr Mn Fe Co Ni Cu Zn 
0.10  × × × × × × ×  × 
0.15       × × × × 
0.20 × × × × × × √ √ × √ 
0.25  ×    × √ √x=0.22 × √ 
0.30  ×    × × × ×  
0.33 × × × × × √    √ref[26] 
0.50 ×    × √     
0.66  × × × × √     
 
  An increase in the formal oxidation state of the Ir to +4.5 alone is an 
insufficient condition to destabilise the dimeric Ir2 motif of the 6H-SrIrO3 structure; 
such Ir
4.5+
dimers have been observed in oxides such as Ba3LnIr2O9
[27]
 and 
Ba3BiIr2O9 
[28]
, (where Ln = trivalent lanthanoid).  Indeed the same face sharing Ir2 
motif was found in Ba3CaIr2O9 
[29]
 that contains Ir
5+
.  In a similar fashion to that seen 
for SrIrO3 the face sharing motif in Ba3CaIr2O9 was destabilised at high pressure 
where an ordered corner sharing structure forms 
[30]
.  In general, the Ba3MIr2O9 
oxides are isostructural with 6H-SrIrO3 with the M-type cations ordered on corner 
sharing octahedral sites and the Ir exclusively occupies the face sharing sites
[27, 28]
.  
Nevertheless the formal oxidation state of the Ir appears to be an important 
contribution in destabilising the 6H-SrIrO3 structure.  One obvious difference 
between the current SrIr1-xMxO3 oxides and the well-studied Ba analogues is the 
disorder of the transition metal ion at the Ir sites in Ba3MIr2O9.  The presence of the 
transition metal ion at the face sharing sites is thought to be the main driving force in 
breaking down the stable Ir-Ir bonding in Ba3MIr2O9.  
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  The formation of perovskite-type structures appears to be dependent on the 
d-electron configuration of the metals.  Doping SrIrO3 with Fe, Co, Ni and Zn 
resulted in the formation of a single phase perovskites, albeit at different dopant 
levels.  Each of these metals contains electrons in the eg orbitals whereas the earlier 
transition metals (Ti, V and Cr) do not.  Mn and Cu are exceptions to this trend and, 
although we have not unequivocally established the formal oxidation states of these, 
our inability to prepare single phase samples containing Cu
2+
 or Mn
3+
 possibly 
reflects the influence of a Jahn-Teller (JT) type distortion for these cations.  Both 
Cu
2+
 and Mn
3+
 can be incorporated into SrRuO3, although the presence of the JT 
active cation was accompanied by a transition to a tetragonal structure
[3, 31]
. 
Since both Zn
2+
 and Ga
3+
 have a d
10
 electron configuration the possibility of 
preparing samples of the type SrIr1-xGaxO3 for x= 0.2, 0.33, 0.5 was explored. 
However, it was not possible to isolate single phase samples.  Likewise attempts to 
introduce Al into SrIrO3 were unsuccessful.  Note that Pi and co-workers 
[32]
 reported 
that Al
3+
 and Ga
3+
 could not be substituted for Ru in SrRuO3. Single phase samples 
of SrIr0.8Mg0.2O3 could be prepared but attempts to increase the Mg content to x=  
0.5 were unsuccessful. This reflected the need of high pressure synthesis to stabilise 
Ir
6+
 in perovskite structure as reported for Sr2IrMgO6
[33]
.  The formation of this oxide 
is analogous to the preparation of SrIr0.8Li0.2O3by Bremholm et al. 
[26]
. 
 
4.3.1.3 Crystal structures of SrIr1-xMxO3 and their temperature dependence 
The partial replacement of the Ir with selected 3d transition metals in      
SrIr1-xMxO3 resulted in a breakdown of the Ir-Ir bond observed in the 6H-hexagonal 
structures and stabilized the corner shared octahedral arrangement of the 
orthorhombic GdFeO3 structure-type in space group Pbnm; see Figure 4.3(b). The 
structure of one example, SrIr0.8Ni0.2O3,  was investigated using neutron diffraction 
along with synchrotron X-ray diffraction (Figure 4.5) . The diffraction analysis 
afforded an accurate description of the structure that had refined lattice parameters of 
a = 5.5938(2), b = 5.5571(2)  and c = 7.8835(2)Å at room temperature.  In the 
orthorhombic structure there are two anion sites.  The occupancies of the two oxygen 
sites were refined and no evidence for any oxygen vacancies was obtained 
suggesting the material to be stoichiometric.  The refined structural parameters are 
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given in Table 4.3.  The Ni and Ir are disordered on the same site and located at the 
centre of a slightly distorted octahedron with 2 M-O(1) at 1.997(1)Å.  There are two 
different M-O(2) distances 1.997(26) and 2.003(2) Å.  The average M-O distance in 
SrIr0.8Ni0.2O3 of 1.999 Å is essentially the same as the Ir-O distances seen in  
6H-SrIrO3.   
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Figure 4.5 Observed, calculated and difference patterns of room temperature          
(a) synchrotron X-ray diffraction and (b) powder neutron diffraction data for 
SrIr0.8Ni0.2O3. 
 
The structures of the remaining oxides were estimated from refinements against 
synchrotron X-ray diffraction data, see Figure 4.6.  As a consequence of the large X-
ray scattering power of the heavy Ir cations, the precision of these refinements was 
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relatively low.  Nevertheless the refined distances seem reasonable and suggest that 
the doping cation does not significantly distort the MO6 octahedra. 
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Figure 4.6  Observed (black symbols), calculated (red line), and difference (green 
line) S-XRD patterns collected at room temperature (a)for SrIr0.8Co0.2O3 and (b) for 
SrIr0.8Zn0.2O3. The insets highlight the presence of the diagnostic X-point, M-point, 
and R-point reflections corresponding to the orthorhombic Pbnm model. 
As a representative example for all the doped oxides, the refined atomic 
position parameters for SrIr0.8Ni0.2O3 is given in Table 4.3. The refined structural 
parameters and related details for all the single phase orthorhombic perovskites  
SrIr1-xMxO3 are listed in Table 4.4 
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Table 4.3 Refined atomic positions obtained from ND for SrIr0.8Ni0.2O3 refined in 
space group Pbnm from neutron diffraction (λ = 1.622Å). 
Atom Site x y z Biso, (Å
2
) 
Sr 4c 0.0036(11) 0.5166(7) 0.25 0.90(3) 
Ir/Ni 4a 0 0 0 0.20(2) 
O1 4c -0.0574 -0.0056(9) 0.25 0.71(6) 
O2 8d 0.2199(5) 0.2813(4) 0.0302(4) 0.74(4) 
 
Variable temperature X-ray measurements for the samples x = 0.2 in       
SrIr1-xMxO3 series indicated that these materials transformed to a cubic structure 
when heated above 700 °C.  The pseudosymmetry of the oxides made it difficult to 
establish if an intermediate orthorhombic phase (in Imma) was present (see Figure 
4.7). Due to large scattering difference between heavy metal iridium and oxygen (as 
described in Chapter 2), it was difficult to precisely locate the oxygen atom. Variable 
temperature neutron diffraction measurements are required to establish accurate 
structures of these oxides at high temperatures. 
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Figure 4.7. Temperature dependence of the equivalent unit cell parameters and cell 
volume for SrIr0.8Zn0.2O3. The shadowed region were refined in Pbnm, but Imma is 
also possible.
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Table 4.4 Structural parameters and refinement details for SrIr1-xMxO3 refined in SG Pbnm from synchrotron X-ray diffraction.  The results for 
SrIr0.8Ni0.2O3 used neutron diffraction data. 
 
 SrIr0.8Co0.2 O3 SrIr75Co0.25O3 SrIr0.8Ni0.2O3 SrIr0.78Ni0.22O3 SrIr0.8Zn0.2O3 SrIr0.75Zn0.25O3 
a (Å) 5.59690(7) 5.59310(6) 5.5938(2) 5.59379(6) 5.60950(6) 5.58071(9) 
b (Å) 5.56230(7) 5.55810(6) 5.5571(2) 5.55875(6) 5.58010(6) 5.60929(9) 
c (Å) 7.88542(11) 7.88119(9) 7.8835 (2) 7.88438(8) 7.90960(9) 7.90649(13) 
vol (Å
3
) 245.49(1) 245.00(5) 245.1(1) 245.16(1) 247.58(5) 247.50(4) 
Rp 2.43 2.21 5.02 2.29 2.11 2.19 
Rwp 3.19 2.79 6.55 2.92 2.68 2.82 
χ2 7.1 2.11 1.88 2.31 5.30 2.63 
Ir/M-O1 Å) 2.045(6) 1.982(2) 1.997(7) 1.982(3) 2.026(4) 2.058(5) 
Ir/M-O2  (Å) 2.053(10) 2.04(2) 2.003(3) 2.05(1) 2.001(7) 1.99(10) 
Ir/M-O2  (Å) 1.934(9) 1.97(2) 1.997(3) 1.94(1) 2.014(6) 1.99(9) 
 Ir-O (avg) 2.011 1.997 1.999 1.991 2.013 2.013 
O1-Ir-O2 (°) 99.3(7) 92.9(8) 90.4(2) 90.7(9) 95.9(8) 99.4(7) 
O1-Ir-O2 (°) 95.2(7) 92.2 (7) 90.0(2) 96.0(8) 93.08(7) 100.2(9) 
O2-Ir-O2 (°) 90.81(4) 91.6(2) 91.2(3) 90.9(7) 90.58(7) 90.42(8) 
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4.3.1.4 Magnetism in SrIr1-xMxO3 
Zero-field cooled and field-cooled magnetization curves for selected single 
phase samples are given in Figure 4.8.  These measurements confirmed that 6H-
SrIrO3 is a Pauli paramagnet and revealed SrIr0.8Ni0.2O3 to be a paramagnet with 
Curie-Weiss type behaviour.  There was noticeable branching of the ZFC and FC 
magnetic susceptibility curves for both the Co and Zn doped oxides.  The 
susceptibility measurements suggest a ferromagnetic transition occurs near 240 K in 
SrIr0.8Zn0.2O3.  Sr2IrO4 is ferromagnetic with Tc~ 240K 
[16]
 and it is possible that the 
behaviour of SrIr0.8Zn0.2O3 is the result of a small amount Sr2IrO4 forming in the 
sample.  Although the diffraction measurements showed no evidence for such 
impurities, the magnetic measurements are expected to be considerably more 
sensitive to ferromagnetic impurities. Since it was possible to prepare 
SrIr0.75Zn0.25O3, the magnetic properties of this were also investigated and this is also 
weakly ferromagnetic with a similar transition temperature, suggesting the observed 
ferromagnetism is intrinsic to the material.  The low temperature magnetic behaviour 
of SrIr0.8Zn0.2O3 appears typical of a spin-glass, and there was no evidence for long 
range magnetic ordering. Subsequent studies of the analogous Mg doped oxides (see 
section 4.3.2) also showed similar magnetic behaviour. These will be described 
further in the next section. 
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Figure 4.8.  Temperature dependence of magnetization for SrIr0.8M0.2O3 
samples recorded with an applied magnetic field of 1000 Oe. 
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4.3.1.5  Electrical resistivity 
The temperature dependence of electrical resistivity in the range of 4 – 300K 
for the three orthorhombic SrIr0.8M0.2O3 perovskites was compared with that of 
undoped 6H-SrIrO3 in Figure 4.9  Whereas 6H-SrIrO3 is metallic over this 
temperature range, the behaviour of each of the three orthorhombic samples is 
somewhat different.  The Zn doped sample is still metallic with the resistivity being 
only weakly temperature dependent.  Conversely SrIr0.8Ni0.2O3 is semiconducting 
with the resistivity increasing as the temperature is lowered.  In the case of M = Co, a 
metal-insulator transition (MIT) temperature is observed with TMI about 70K.  This 
is somewhat higher than TMI = 44K reported for pure O-SrIrO3.  There was no 
evidence of a MIT in either the Ni or Zn doped samples.  The absence of any 
anomaly in the χ‐T curve for SrIr0.8Co0.2O3 at TMI strongly suggests that the MIT 
transition is not associated with a change in the magnetic ordering.  The magnetic 
transition observed for SrIr0.8Co0.2O3 near T
*
 (∼ 170K, Figure 4.8) does not have an 
analogous feature in the ρ‐T curve. 
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Figure 4.9. Temperature dependence of the Resistivity for SrIr0.8M0.2O3 samples.  
Note the use of the logarithmic scale. 
Using slightly different synthetic protocols Bremholm and co-workers 
[26]
 
prepared SrIr0.75Zn0.25O3 and SrIr0.67Zn0.33O3.  The resistivity of these perovskites 
were reported to increase upon cooling to low temperatures, indicative of 
semiconducting behaviour. As a comparison, the less heavily doped oxide 
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SrIr0.8Zn0.2O3 was metallic.  The transition from metal to insulator is consistent with 
the conclusion of these authors that these oxides display Mott variable range hopping 
type behaviour, with increasing disorder reducing the conductivity. 
 
4.3.2 Structure and Physical Properties of SrIr1-xMgxO3. 
4.3.2.1 Structural characterization of SrIr1-xMgxO3 
Single phase perovskite materials of the type SrIr1-xMgxO3 were obtained 
with Mg contents in the range of 0.2 ≤ x ≤ 0.33.  This is at variance with the claim of 
Bremholm and co-workers that Mg doped SrIr1-xMgxO3 perovskites could not be 
formed 
[26]
; it is unclear why these previous workers failed to prepare these materials.  
At lower doping levels, single phase samples could not be obtained the products 
invariably contained various amounts of the 6H-SrIrO3 form and other phases.  
Chemical analysis of the single phase materials confirmed the formation of the target 
oxides.  There was no evidence for segregation of MgO from either diffraction 
measurements or SEM-EDS studies see Figures 4.10 ~ 4.12.  The ability to form 
single phase materials appears to be related to the partial oxidation Ir to +4.5 ~ +5, as 
described in section 4.3.1 of this chapter. The formal oxidation state of the Ir 
inSrIr0.8Mg0.2O3 is +4.5 and this increases to +5 in SrIr0.67Mg0.33O3.  The 
incorporation of more Mg requires the formation of Ir
6+
, an oxidation state observed 
in the ordered double perovskite Sr2MgIrO6 
[33, 34]
, however its formation typically 
requires strongly oxidising conditions. 
The synchrotron X-ray diffraction pattern for SrIr0.8Mg0.2O3, illustrated in 
Figure 4.10, contained a number of weak M-, R- and X-point reflections, associated 
with the existence of in-phase and out-of-phase tilting of the corner sharing 
octahedra.  These reflections were more obvious in the corresponding neutron 
diffraction pattern, see Fig. 4.11.   
The diffraction data were well fitted with an orthorhombic model in space 
group Pbnm, this being the same structure seen in O-SrIrO3 as well as its Co-, Ni-, 
and Zn-doped counterparts, see section 4.3.1.3.  This orthorhombic structure is a 
√    √       supercell of the primitive perovskite of cell length ap as a 
consequence of the octahedral rotations.  The refined atomic positions for 
Chapter 4 
110 
 
SrIr0.8Mg0.2O3 are given in Table 4.5.  The relatively weak scattering of X-rays by 
oxygen anions relative to that of iridium cations reduces the intensity of the 
superlattice peaks, arising from octahedral rotation, limiting the accuracy with which 
the anion positions can be determined.  The synchrotron X-ray diffraction patterns 
for SrIr0.75Mg0.25O3 and SrIr0.67Mg0.33O3 are shown in Figures 4.13 and 4.14. 
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Figure 4.10 Observed, calculated, and difference synchrotron X-ray diffraction 
pattern for SrIr0.8Mg0.2O3 at room temperature.  The inset shows weak reflections 
indicative of octahedral tilting. 
 
The unit cell volume of SrIr0.8Mg0.2O3 is comparable to that found for 
undoped SrIrO3 
[11]
, despite Mg
2+
 having a larger ionic radii than Ir
4+
, 0.720 vs 0.625 
Å 
[37]
.  This is a consequence of the, partial oxidation of Ir
4+
 to the smaller Ir
5+
 state 
(ionic radius 0.57 Å).  The average (Ir/Mg)-O distance of 2.00 Å is similar to that 
seen in Ir
4+
 oxides such as IrO2 1.985 Å
[24]
 and Bi2Ir2O7 2.003 Å 
[38]
, reflecting the 
conflicting requirements of Mg
2+
 and Ir
5+
.  The individual (Ir/Mg)O6 octahedra in 
SrIr0.8Mg0.2O3 are relatively rigid, with the three crystallographically distinct 
(Ir/Mg)–O distances all being approximately equal, see Table 4.6 
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Figure 4.11.  Observed, calculated, and difference neutron diffraction pattern for 
SrIr0.8Mg0.2O3 at room temperature.  The inset shows weak reflections indicative of 
octahedral tilting. 
 
Table 4.5.  Refined atomic positions for SrIr0.8Mg0.2O3 at room temperature from 
neutron diffraction analysis (λ = 1.622Å, space group Pbnm)  
Atom Site x y z Biso, Å
2
 
Sr 4c 0.0018(12) 0.5185(7) 0.25 0.71(3) 
Ir/Mg 4a 0 0 0 0.10(2) 
O1 
4c 
-0.0591(8) 
-
0.0060(10) 
0.25 0.76(2) 
O2 8d 0.2224(5) 0.2786(5) 0.0277(5) 0.79(5) 
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Figure 4.12. Scanning electron micrograph image of SrIr0.8Mg0.2O3; (a) secondary 
and (b) backscattered electron images of unpolished disc; (c) EDS spectrum with the 
inset of backscattered image of polished disc used for the measurement. Dark region 
at the bottom of the inset is due to epoxy holder. The lack of contrast in the 
backscattered images suggests that this sample is homogeneous. 
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Figure 4.13. Observed (black symbol), calculated (red line) and difference (green 
line) synchrotron X-ray diffraction pattern for SrIr0.75Mg0.25O3. The upper set of 
markers are from the orthorhombic Pbnm phase and the lower set of markers are due 
to the poorly crystalline 6H-SrIrO3 phase.  
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Figure 4.14.  Observed (black symbol), calculated (red line) and difference (green 
line) synchrotron X-ray diffraction pattern for SrIr0.67Mg0.33O3 measured at room 
temperature. The format is the same as Figure 4.13.   
 
Chapter 4 
114 
 
Table 4.6.  Structural parameters and refinement details for SrIr1-xMgxO3.  The 
structures were refined in the orthorhombic space group Pbnm. 
Parameter\compound SrIr0.8Mg0.2O3 SrIr0.75Mg0.25O3 SrIr0.67Mg0.33O3 
 ND ( 3K ) SXRD(300K) SXRD(295K) SXRD(295K) 
a (Å) 5.5827(3) 5.5925(3) 5.59811(9) 5.59782(11) 
b (Å) 5.5554(3) 5.5616(3) 5.56910(9) 5.57185(11) 
c (Å) 7.8748(5) 7.8854(5) 7.89056(15) 7.89182(18) 
vol (Å
3
) 244.22(3) 245.26(2) 246.00(2) 246.15(2) 
Rp (%) 3.99 3.79 4.46 6.03 
Rwp (%) 5.16 4.87 6.58 8.67 
χ2 3.96 3.73 5.41 10.85 
Ir/Mg-O1 (Å) 1.9992(9) 1.9991(9) 2.218(5) 2.120(3) 
Ir/Mg-O2  (Å) 1.999(3) 1.999(8) 1.991(10) 1.923(17) 
Ir/Mg-O2  (Å) 1.994(3) 1.994(3) 2.004(9) 2.039(16) 
 
As described by Kennedy et al. 
[39]
 the octahedral tilt angles in orthorhombic 
Pbnm perovskites can be obtained from the displacement of the O2 oxygen atoms 
from ¼ ¼ 0 to (¼-u ¼+v w). The in-phase tilting occurs about the c-axis and is 
estimated by         where   
   
 
. The out-of-phase tilt about the diad axis is 
given by       √  .  The out-of phase tilts are smaller than the in-phase tilts 
which are estimated to be, at room temperature, 6.4 and 9.2° respectively.  Both 
these increase as the sample is cooled to 3 K (6.8 and 9.7°).  The numerical values of 
these tilts are somewhat larger than those found for SrRuO3 (5.9 and 7.6 °) measured 
under the same conditions.  Note that the tolerance factor is expected to increase 
only slightly with increasing Mg content, from 0.993 for x = 0.2 to 0.994 for  
x = 0.33. When the tilt values of x = 0.2 Mg doped sample are compared the tilt 
values in SrIr0.8Ni0.2O3, 7.00 and 9.46  , for the in-phase and out-of-phase tilt 
respectively. The differences are very small and the relative size of the Ni and Mg 
cations appears to have little effect. It is possible that the difference in the electronic 
configuration of the dopants play a role in this. 
Variable temperature synchrotron X-ray diffraction data were collected for 
SrIr0.8Mg0.2O3 from room temperature to 675 °C.  These measurements demonstrate 
that the orthorhombic Pbnm structure persists throughout this temperature range and 
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there was no evidence for any phase transitions associated with the loss of the tilts as 
was observed in other perovskites such as SrRuO3
[2]
.  Presumably higher 
temperatures are required to observe such transitions.  The changes in the lattice 
parameters, obtained from the refinement of variable temperature synchrotron X-ray 
diffraction patterns, are given Figure 4.15 
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Figure 4.15  Temperature dependence of the equivalent unit cell parameters and cell 
volume for SrIr0.8Mg0.2O3.  For clarity the unit cell parameters have been scaled from 
the √    √       Pbnm cell. 
 
4.3.2. 2 Magnetic and electrical properties of SrIr1-xMgxO3 
The temperature dependence of the magnetization for SrIr0.8Mg0.2O3 was 
investigated under zero field cooled (ZFC) and field cooled (FC) conditions with an 
applied field of 1000 Oe.  As shown in Figure 4.16.  SrIr0.8M0.2O3 is ferromagnetic 
with TC ~ 240 K.  A weak branching of the FC and ZFC curves is evident near 290K 
indicative of additional magnetic interactions, possibly related to ordering of the 
formally Ir
4+
 and Ir
5+
 cations.  The presence of two magnetic events is apparent in the 
plot of inverse magnetic susceptibility in Figure 4.17.  The higher temperature 
feature effectively prevents us from estimating the Curie constant and hence 
effective magnetic moment.  It appears that the susceptibility in the paramagnetic 
region may be approximately independent of temperature, possibly as a consequence 
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of strong single ion anisotropy associated with Spin-Orbit effects.  A similar effect 
has been observed for the post-perovskite polymorph of CaIrO3 
[40]
. 
Magnetisation measurements as a function of applied field at 5K are also 
shown in the inset of Figure 4.16.  These confirmed the presence of ferromagnetic 
interactions in SrIr0.8Mg0.2O3 and also demonstrated that this material exhibited spin-
glass behaviour.  Neutron diffraction measurements at 3 K were essentially identical 
to those at room temperature and confirmed the absence of long range magnetic 
ordering. There was no evidence in the 3K ND data for any increase in intensity in 
the low angle region of the pattern indicative of ferromagnetic domains.  
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Figure 4.16 Temperature dependence of magnetization for SrIr0.8Mg0.2O3 samples 
recorded with an applied magnetic field of 1000 Oe.  The insert shows the hysteresis 
loop at 5 K. 
 AC susceptibility measurements (see Figure 4.18) verified that the spin-glass 
description is appropriate.  The absence of any long range magnetic ordering is not 
surprising given the disorder of Mg
2+
, Ir
4+
 and Ir
5+
 at the same crystallographic site.  
Similar magnetic behaviour was observed for the two higher Mg doped samples and 
the results are shown in Figure 4.19 and 4.20.  In the case of x = 0.33, there was no 
evidence for a magnetic transition near 290 K supporting the hypothesis that it is a 
consequence of local ordering of Ir
4+ 
and Ir
5+
 cations.  A least squares fit of the 
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susceptibility above 250 K yielded an effective magnetic moment of 2.1 μB which is 
lower than that expected for an S = 1 ion (μ = 2.83 μB). The ZFC susceptibility 
measurements for the x = 0.25 sample showed evidence of diamagnetic interaction at 
low temperatures (negative susceptibility shown by using green dashed line in Figure 
4.19).  The related Ir
5+
 oxide NaIrO3  was recently reported to be reported to be 
diamagnetic 
[41]
.  
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Figure 4.17.  Temperature dependence of the inverse magnetic susceptibility for 
SrIr0.8Mg0.2O3 recorded under ZFC conditions with an applied magnetic field of 
1000 Oe. 
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Figure 4.18. Temperature dependence of real part of ac susceptibility for 
SrIr0.67Mg0.33O3 measured at different frequencies. 
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Figure 4.19 (a)Temperature dependence of magnetization for SrIr0.75Mg0.25O3 
samples recorded with an applied magnetic field of 1000 Oe  (b) the hysteresis loop 
at 5 K. 
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Figure 4.20. Temperature dependence of magnetization for SrIr0.67Mg0.33O3 samples 
recorded with an applied magnetic field of 1000 Oe.  The inset shows the hysteresis 
loop at 5 K. 
 
Similar magnetic behaviour was observed for Zn doped SrIr1-xMxO3  (see for 
example Figure 4.8 in section 4.3.1) where it was speculated that the weak 
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ferromagnetism may have been a consequence of trace amounts of Sr2IrO4 impurity.  
There was no evidence for such a species in the diffraction obtained for the various 
Mg doped samples described here and it is postulated that the ferromagnetism is in 
fact an intrinsic property of the Mg and Zn doped SrIrO3 oxides. 
The temperature dependent variation of electrical resistivity in the range of 
5–300 K is illustrated in Figure 4.21.  For SrIr0.67Mg0.33O3, measurements using a 
standard four probe method could only be conducted down to ~ 105 K before the 
resistance became too high.  The activation energy was estimated to be Ea = 0.061 
eV from a linear fit of ln(1/R) vs 1/T.  This decreased as the Mg content was 
decreased with Ea = 0.010 eV for the x = 0.25 sample.  The resistance of 
SrIr0.8Mg0.2O3 was essentially independent of temperature over the investigated 
temperature range indicating the material to be almost metallic with Ea = 0.003 eV.  
The small increase at low temperatures is possibly due to grain boundary effects but 
more detailed analysis is required to confirm this. 
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Figure 4.21. Temperature dependence of the electrical resistivity for SrIr1-xMgxO3. 
 
Finally the factors responsible for the breakdown of the hexagonal 6H-SrIrO3 
structure upon doping to form orthorhombic O-SrIr1-xMxO3 are revisited.  Firstly, the 
average formal oxidation state of the Ir needs to be increased to above +4.5.  This 
alone is insufficient to breakdown the Ir-Ir dimers characteristic of 6H-SrIrO3 as 
Chapter 4 
120 
 
evidenced by Ba3Ir2CaO9 and Ba3Ir2BiO9
[28, 30]
.  Secondly, if in use, the eg orbitals of 
the dopant cation need be either filled (eg Zn
2+
) or half filled (eg Co
2+
 and Ni
2+
).  
Although Cu
2+
 and Mn
3+
 can partially replace Ru
4+
 in SrRu1-xMxO3  
[3, 31]
 they cannot 
be incorporated in SrIr1-xMxO3.  Finally the ionic radius of the dopant needs to be 
larger than that of Ir
4+
 (0.625Å)
[37]
.  The ionic radius of Mg
2+
 is 0.72Å which is 
similar to that of the other cations successfully introduced into the O-SrIrO3 lattice;  
Co
2+
, Ni
2+
, Zn
2+
, and Li
+
 ( 0.69 ~ 0.76 Å), 
[26, 36, 37]
 .  Replacement of the Sr by other 
cations such as Ba or Ca may of course alter the relative stability of the dimer versus 
corner sharing motifs.  These restrictions are necessary for synthesis at atmospheric 
pressure.  Since it is possible to stabilise O-SrIrO3 over 6H-SrIrO3 using high 
pressure methods 
[11]
,  it is reasonable to assume the range of dopants could be 
extended if more extreme synthetic methods were employed.  
 
4.4  Conclusions  
The 6H-type SrIrO3 was found to be remarkably intolerant to doping by 
transition metals to form SrIr1-xMxO3 type oxides.  Exceptions are found when the 
formal oxidation state of the Ir is approximately equal to +4.5 with single phase 
oxides found for M = Fe, Co, Ni and Zn.  Occupancy of the TM eg type orbitals 
appear to contribute to the break-down of the dimeric motif seen in the 6H-SrIrO3 
structure.  The size of the dopant cation also appears to be important and single 
phase oxides were only formed when the dopant cations had a larger ionic radii than 
that of Ir
4+
.  The electronic and magnetic properties of the oxides are extremely 
sensitive to the dopant cation.  Whereas SrIr0.8Zn0.2O3 is a metal and SrIr0.8Ni0.2O3 an 
non-metal, the analogous Co oxide SrIr0.8Co0.2O3 undergoes a temperature dependent 
metal-insulator transition. 
New perovskites of the type SrIr1-xMxO3 (where M = Fe, Co, Ni, Zn, Mg) 
have been synthesised and their structures and physical properties were 
characterised.  A combination of synchrotron and neutron diffraction data show the 
materials to adopt an orthorhombic structure in space group Pbnm in which the 
dopant metals M and Ir are disordered at the centre of the octahedral sites.  Although 
this disorder prevents long-range magnetic ordering, susceptibility measurements 
reveal the presence of short-range ferromagnetic interactions.   
Chapter 4 
121 
 
4.5 References 
[1]. J. M. Longo, J. A. Kafalas and R. J. Arnott, Journal of Solid State Chemistry, 
1971, 3, 174-179. 
[2]. B. J. Kennedy, B. A. Hunter and J. R. Hester, Physical Review B, 2002, 65, 
224103. 
[3]. B. J. Kennedy and Q. Zhou, Solid State Communications, 2008, 147, 208-
211. 
[4]. B. J. Kim, H. Jin, S. J. Moon, J. Y. Kim, B. G. Park, C. S. Leem, J. Yu, T. W. 
Noh, C. Kim, S. J. Oh, J. H. Park, V. Durairaj, G. Cao and E. Rotenberg, 
Physical Review Letters, 2008, 101, 076402. 
[5]. B. J. Kim, H. Ohsumi, T. Komesu, S. Sakai, T. Morita, H. Takagi and T. 
Arima, Science, 2009, 323, 1329-1332. 
[6]. Q. Huang, J. L. Soubeyroux, O. Chmaissem, I. Natalisora, A. Santoro, R. J. 
Cava, J. J. Krajewski and W. F. Peck, Journal of Solid State Chemistry, 1994, 
112, 355-361. 
[7]. Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J. G. Bednorz 
and F. Lichtenberg, Nature, 1994, 372, 532-534. 
[8]. S. B. Chung, S. Raghu, A. Kapitulnik and S. A. Kivelson, Physical Review B, 
2012, 86, 064525. 
[9]. J. M. Carter, V. V. Shankar, M. A. Zeb and H. Y. Kee, Physical Review B, 
2012, 85, 115105. 
[10]. A. P. Mackenzie and Y. Maeno, Reviews of Modern Physics, 2003, 75, 657-
712. 
[11]. J. G. Zhao, L. X. Yang, Y. Yu, F. Y. Li, R. C. Yu, Z. Fang, L. C. Chen and 
C. Q. Jin, Journal of Applied Physics, 2008, 103, 103706. 
[12]. S. Y. Jang, H. Kim, S. J. Moon, W. S. Choi, B. C. Jeon, J. Yu and T. W. Noh, 
Journal of Physics-Condensed Matter, 2010, 22, 485602. 
[13]. S. J. Moon, H. Jin, K. W. Kim, W. S. Choi, Y. S. Lee, J. Yu, G. Cao, A. 
Sumi, H. Funakubo, C. Bernhard and T. W. Noh, Physical Review Letters, 
2008, 101, 226402. 
[14]. S. Fujiyama, K. Ohashi, H. Ohsumi, K. Sugimoto, T. Takayama, T. Komesu, 
M. Takata, T. Arima and H. Takagi, Physical Review B, 2012, 86, 174414. 
[15]. M. A. Zeb and H. Y. Kee, Physical Review B, 2012, 86, 085149. 
[16]. G. Cao, J. Bolivar, S. McCall, J. E. Crow and R. P. Guertin, Physical Review 
B, 1998, 57, 11039-11042. 
[17]. I. Nagai, Y. Yoshida, S. I. Ikeda, H. Matsuhata, H. Kito and M. Kosaka, 
Journal of Physics-Condensed Matter, 2007, 19, 136214. 
[18]. K. S. Wallwork, B. J. Kennedy and D. Wang, AIP Conference Proceedings, 
2007, 879, 879-882. 
[19]. K. D. Liss, B. Hunter, M. Hagen, T. Noakes and S. Kennedy, Physica B-
Condensed Matter, 2006, 385-86, 1010-1012. 
[20]. C. Howard and B. Hunter, Rietica. A computer program for Rietveld analysis 
of X-ray and neutron powder diffraction patterns.  Lucas Heights Research 
Laboratories, 1998, 1-27. 
[21]. A. Larson and R. Von Dreele, General Structure Analysis System (GSAS); 
Report LAUR 86-748; Los Alamos National Laboratory: Los Alamos, NM, 
2000. 
Chapter 4 
122 
 
[22]. T. Meisel, J. Moser, N. Fellner, W. Wegscheider and R. Schoenberg, Analyst, 
2001, 126, 322-328. 
[23]. H. Schmalle, C. Gurtner, H. R. Oswald and A. Reller, Zeitschrift Fur 
Kristallographie, 1990, 191, 239-247. 
[24]. A. A. Bolzan, C. Fong, B. J. Kennedy and C. J. Howard, Acta 
Crystallographica Section B-Structural Science, 1997, 53, 373-380. 
[25]. Y. Doi and Y. Hinatsu, Journal of Solid State Chemistry, 2004, 177, 3239-
3244. 
[26]. M. Bremholm, C. K. Yim, D. Hirai, E. Climent-Pascual, Q. Xu, H. W. 
Zandbergen, M. N. Ali and R. J. Cava, Journal of Materials Chemistry, 2012, 
22, 16431-16436. 
[27]. Y. Doi and Y. Hinatsu, Journal of Solid State Chemistry, 2004, 177, 3239-
3244. 
[28]. W. Miiller, M. Avdeev, Q. Zhou, B. J. Kennedy, N. Sharma, R. Kutteh, G. J. 
Kearley, S. Schmid, K. S. Knight and P. E. R. Blanchard, Journal of the 
American Chemical Society, 2012, 134, 3265-3270. 
[29]. T. Sakamoto, Y. Doi and Y. Hinatsu, Journal of Solid State Chemistry, 2006, 
179, 2595-2601. 
[30]. J. G. Zhao, L. X. Yang, Y. Yu, F. Y. Li, R. C. Yu and C. Q. Jin, Journal of 
Solid State Chemistry, 2009, 182, 327-330. 
[31]. R. Nithya, S. Chandra, M. C. Valsakumar, V. S. Sastry, T. C. Han and J. G. 
Lin, Journal of Applied Physics, 2007, 102, 013512. 
[32]. L. Pi, A. Maignan, R. Retoux and B. Raveau, Journal of Physics-Condensed 
Matter, 2002, 14, 7391-7398. 
[33]. D.-Y. Jung and G. Demazeau, Journal of Solid State Chemistry, 1995, 115, 
447-455. 
[34]. J. H. Choy, D. K. Kim, S. H. Hwang, G. Demazeau and D. Y. Jung, Journal 
of the American Chemical Society, 1995, 117, 8557-8566. 
[35]. A. M. Glazer, Acta Crystallographica Section B-Structural Science, 1972, B 
28, 3384-3392. 
[36]. I. Qasim, B. J. Kennedy and M. Avdeev, Journal of Materials Chemistry A, 
2013, 1, 3127-3132. 
[37]. R. D. Shannon, Acta Crystallographica Section A, 1976, 32, 751-767. 
[38]. B. J. Kennedy, Journal of Solid State Chemistry, 1996, 123, 14-20. 
[39]. B. J. Kennedy, C. J. Howard and B. C. Chakoumakos, Journal of Physics-
Condensed Matter, 1999, 11, 1479-1488. 
[40]. J. G. Cheng, J. S. Zhou, J. B. Goodenough, Y. Sui, Y. Ren and M. R. 
Suchomel, Physical Review B, 2011, 83, 064401. 
[41]. M. Bremholm, S. E. Dutton, P. W. Stephens and R. J. Cava, Journal of Solid 
State Chemistry, 2011, 184, 601-607. 
 
 
Chapter 5 
 
123 
 
Chapter 5 
 Structural and Electronic Studies of Fe-doped  
SrIrO3 and SrRuO3. 
5. 1  Introduction 
Despite Ir and Ru having very similar ionic radii, the corresponding ABO3 
perovskites (A = Ca, Sr, Ba; B = Ir, Ru) display remarkably different structures and 
physical properties. SrIrO3 is a paramagnetic metal, and adopts a monoclinic 
distortion of the hexagonal BaTiO3 type structure, in the space group C2/c, when 
prepared at ambient pressure 
[1]
.  Conversely, SrRuO3 is a ferromagnetic metal that 
adopts the orthorhombic CaTiO3-type structure (space group Pbnm) at room 
temperature 
[2]
. CaRuO3 is isostructural with SrRuO3. CaIrO3 adopts a unique 
orthorhombic structure in space group Cmcm consisting of layers of IrO6 octahedra
[3, 
4]
. This is a model for the post-perovskite MgSiO3 structure.  Both BaRuO3 and 
BaIrO3 form a distorted hexagonal BaTiO3-type structure 
[5-7]
. 
SrRuO3 has been the subject of numerous studies due to the coexistence of 
metallic conductivity and ferromagnetism, a combination that leads to possible 
technological applications 
[8-11]
.  Attempts to enhance the ferromagnetic properties of 
SrRuO3 by doping with other transition metals have failed, leaving the origin of its 
ferromagnetism as an enigma
[12]
. In general, substitution of Ru-site in SrRuO3 by 
another metal reduces the ferromagnetic transition temperature, with the important 
exception of Cr
[13-15]
. The majority of SrRu1-xMxO3 (where M is 3d transition metal) 
type materials retain the orthorhombic structure at low doping levels,  x ≤ 0.2, Mn 
and Cu being notable exceptions due to a Jahn-Teller type distortion
[16-21]
.   
In contrast to the large body of information available for doped SrRuO3, very 
little is known about SrIrO3.  Until recently there was a paucity of studies on doped 
SrIrO3, with the work described in Chapter 4 and that of Bremholm et al.
[22]
 partially 
addressing this.  In these two studies it was demonstrated that doping SrIrO3 with 
specific metals could destabilize the monoclinic 6H-SrIrO3 structure, resulting in the 
formation of orthorhombic materials isostructural with SrRuO3.  For the majority of 
metals, the orthorhombic structure only formed for specific SrIr1-xMxO3 compositions 
(see Chapter 4).  For both Fe and Co it was possible to form oxides where 50% of 
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the Ir was replaced by the transition metal, with the resulting structures exhibiting a 
rock-salt like ordering of the Ir and M cations. Where such ordering occurs it is 
appropriate to describe the oxides as Sr2IrMO6 rather than SrIr0.5M0.5O3, since the 
latter formula implies the Ir and M-type cations occupy the same site. Battle and co-
workers
[23]
 reported Sr2FeIrO6 to be ferromagnetic below 50 K and its structure to be 
triclinic in I ̅  (a nonstandard setting of the triclinic space group P ̅). The use of non-
standard settings such as I ̅ is common in structural studies of perovskites, as it 
facilitates comparison of the various structural types. Mössbauer measurements 
demonstrated that Fe was predominantly in the high spin Fe
3+
 state, implying the Ir 
was pentavalent, although Battle et al. presented evidence for a small amount of Fe
4+
 
in their sample
[23]
.  The formation of the triclinic I ̅ structure in another Ir double 
perovskite Ba2LaIrO6 was recently questioned
[24]
, and it is not seen in the analogous 
Co oxide.  Sr2CoIrO6 is reported to have a monoclinic structure in space group I2/m 
at room temperature
[25]
.  Sr2CoIrO6 undergoes a series of phase transitions associated 
with the loss of octahedral tilting upon heating
[25]
.  X-ray Absorption Near-edge 
Spectroscopy (XANES) spectra show that oxidation states of Co and Ir in Sr2CoIrO6 
are +3 and +5 respectively.  
Previous workers have reported that at low doping levels (x < 0.3) the  
SrRu1-xFexO3 oxides are isostructural with SrRuO3 in the orthorhombic space group 
Pbnm 
[26]
. Battle et al.  reported that SrRu0.5Fe0.5O3 (x = 0.5)  was monoclinic in 
space group I2/c, in which Ru and Fe were randomly distributed over the octahedral 
sites
[27]
.  Consequently, it is inappropriate to describe it as Sr2RuFeO6
[27]
.  Bansal et 
al. reported the preparation of SrRu1-xFexO3 (0 ≤ x ≤ 0.6), and while they noted that 
for x < 0.3 the structure was orthorhombic, they did not describe the structures for 
the oxides with Fe contents x > 0.3 
[28]
.  Since there is no direct group-subgroup 
relationship between 12/c and Pbnm, the SrRu1-xFexO3 series has been revisited here  
preparing samples with x = 0.2, 0.33, 0.4, 0.5, 0.67.  
The aim of the present work is to clarify the structural ambiguities in Fe-
doped SrIrO3 and SrRuO3 using high resolution synchrotron X-ray diffraction and, 
as appropriate, neutron diffraction methods. XANES measurements were undertaken 
to establish the oxidation states of the cations. These studies show that although the 
structures of these two group Fe-doped materials are different, they exhibit similar 
trends in electrical properties. 
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5. 2 Experimental 
Polycrystalline samples of Sr2Ir2-yFeyO6 (y = 0.67, 0.8, 1, 1.33) and SrRu1-
xFexO3 (x = 0.2, 0.33, 0.4, 0.5, 0.67) were synthesized by solid state reaction.  
Stoichiometric amounts of SrCO3 (99.9%, Aldrich), Ru or Ir metal (99.99%, 
Aithaca), and Fe2O3 (≥ 99%, Aldrich) powders were mixed, ground and preheated in 
an alumina crucible at 800 °C for 12 hrs.  Successive grinding, pelletizing and 
heating cycles were performed at 1000 °C and 1100 °C. The samples were then 
subjected to an additional heating step at 1150 °C for 48 hrs, with the exception of  
Sr2Ir0.67Fe1.33O6, which was reacted at 1120 °C for 48 hrs .  The reactions were 
monitored by X-ray diffraction with Cu Kα radiation using a PANalytical X'Pert 
PRO X-ray diffractometer, until single-phase, black powders were obtained.  
Sample morphology and homogeneity were examined using a Zeiss-Ultra 
plus field-emission scanning electron microscope (SEM).  The stoichiometry of the 
samples was verified using EDS analysis on the same microscope and for Sr2IrFeO6 
by ICP analysis using Varian 720-ES ICP Optical Emission Spectroscopy. Complete 
digestion of the sample for ICP was achieved as described for SrIr0.8Mg0.2O3 in 
Chapter 4.  
Synchrotron X-ray powder diffraction (SXRD) data were collected at room 
temperature, using the powder diffractometer at beamline BL-10 of the Australian 
Synchrotron
[29]
.  Each sample was finely ground and housed in a sealed 0.2 mm 
diameter quartz capillary that was rotated during the measurements. The wavelength 
was set to 0.82518 Å, and the precise value of this was determined using a NIST 
LaB6 standard reference material. Variable-temperature diffraction measurements 
were conducted for Sr2IrFeO6, SrRu0.6Fe0.4O3 and SrRu0.5Fe0.5O3, from room 
temperature to 550 °C. Temperature control was achieved using a Cyberstar hot-air 
blower.  Once the control sensor had reached the set point temperature, data 
collection was commenced after a 3 min thermal equilibration period; thermal 
stability was of the order ± 2.0 °C for all data collection temperatures.  The data 
were measured for 5 min at each detector setting.  For Sr2IrFeO6 an additional low-
temperature data set was recorded at 90 K using an Oxford cryostream.  Neutron 
diffraction (ND) data for Sr2IrFeO6 and SrRu0.5Fe0.5O3 were collected at room 
temperature over the angular range 10° < 2θ < 162° with neutrons of wavelength 
1.622Å using the high resolution powder diffractometer Echidna at the Australian 
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Nuclear Science and Technology Organisation’s OPAL facility [30]. An additional 
data set was measured for SrRu0.5Fe0.5O3 with λ = 2.4395 Å. 
The structures were refined by the Rietveld method as implemented in the 
program RIETICA
[31]
.  Peak shapes were modelled using a pseudo-Voigt function 
and the background was estimated by interpolating between up to 40 selected points.  
The scale factor, detector bank zero point, lattice parameters, atomic coordinates and 
atomic displacement parameters were refined together with the peak profile 
parameters. The site occupancy factors of the cations were fixed to the nominal 
values.  The oxygen content of the samples, refined against neutron diffraction data, 
suggested full occupancy on the oxygen sites.   
Fe L3-edge XANES spectra were collected on the Soft X-ray Beamline at the 
Australian Synchrotron
[32]
. Powder samples were lightly dusted onto double-sided 
carbon tape (SPI Supplies) and inserted into the vacuum chamber via a load lock.  
Vacuum inside the analysis chamber was maintained at better than ~1x10
-9
 torr.  
Spectra were collected from ~30 eV below to ~70 eV above the edge using total 
electron yield (TEY) mode with a step size of 0.1 eV and a dwell time of 0.5 s.  All 
spectra were taken simultaneously with a total electron yield (TEY) signal measured 
from a standard Fe reference foil in the beamline. This reference foil removed 
approximately 10% of the beam intensity. The Fe L3-edge profile of Fe foil is well 
known, with the maximum of the first derivative at 706.8 eV. This allowed for a 
precise energy calibration of all of the Fe L-edge spectra from the samples.  All 
XANES data were processed with the Athena software package
 [33]
. 
Magnetic properties and electrical resistivity of the materials were measured 
with a Quantum Design Physical Property Measurement System (PPMS) system in 
the range 5–300 K.  Zero-field-cooled (ZFC) and field-cooled (FC) magnetic 
susceptibility data were collected in a magnetic field of 1000 Oe. 
5.3 Results and discussion 
5.3.1 SEM-EDS and ICP 
A combination of Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-ray Spectroscopy analysis (EDS) was employed to investigate if any 
phase segregation is present and if the samples are stoichiometric. As illustrated for 
Sr2IrFeO6 in Figure 5.1, the secondary and backscattered electron images 
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demonstrate the sample to be well-crystalline, and  there are no detectable impurities 
or secondary phases. 
 Early synthetic attempts demonstrated that SrIrO3 decompose above 1200 °C 
as found by previous workers
[34]
.  Samples used for EDS were therefore sintered at 
1180°C. At this temperature it was only possible to prepare relatively poorly sintered 
pellets and these eventually yielded poorly polished surfaces. To achieve a good 
EDS analysis, a well-polished flat surface is essential. A relatively large area was 
therefore selected for analysis [see Figure 5.1(right)]. The EDS analysis gave a 
stoichiometric ratio of  Sr1.99Ir1.09Fe1.15O5.97.  ICP analysis produced similar results 
with the ratio being 1.87: 1.11: 1.04. Both the EDS and ICP demonstrate that the 
sample Sr2IrFeO6 is slightly A-site deficient.  
 
 
Figure 5.1. Secondary (left) and backscattered (right) electron images of Sr2IrFeO6 . Square 
in the right figure is selected area for EDS analysis. 
 
5.3.2 Crystal structure of Sr2Ir2-yFeyO6  
Initially we sought to prepare a number of members of the series of  
Sr2Ir2-yFeyO6.  As described in Chapter 4, at lower doping levels, y < 0.67 in  
Sr2Ir2-yFeyO6, the products contained a mixture of phases, tentatively identified as a 
poorly crystalline 6H-type material and a perovskite.  Single phase perovskite 
samples could only be obtained in the range 0.67 ≥ y ≥ 1.33 with the SXRD data 
demonstrating the absence of any 6H-type material in Sr2Ir1.33Fe0.67O6.  
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Destabilisation of the 6H-type structure requires an increase in the formal 
oxidation state of the Ir from 4 to above 4.5 and for Fe
3+
 this occurs at y = 0.67 
corresponding to the idealised general formula of          
        
       
   6.  The related 
oxide Ba3Ir2LaO9 retains the Ir2O9 dimeric motif 
[35]
, demonstrating that partial 
oxidation alone is not a sufficient indicator of the formation of the corner-sharing 
perovskite structure. Of the four single-phase samples prepared, only Sr2IrFeO6 has 
been described previously.  Portions of the SXRD patterns are given in Figure 5.2. 
10 11 24 34 35 36 37 38 39 40 41 42 43 44
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67% Fe (y = 1.33)
50% Fe (y = 1)
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(440)
F(111)
F
 
Figure. 5.2 Portions of observed SXRD patterns for Sr2Ir2-xFexO6 at room  
temperature.  The data were collected at λ = 0.825Å, the peaks are indexed on the 
cubic    ̅  cell. 
The X-ray diffraction profiles of the four Fe-containing oxides displayed a 
(111)F type superlattice reflection near 2θ = 10.4° as well as other R-point 
reflections. Here the subscript indicates this is the index for the cubic    ̅  double 
perovskite cell. Such reflections are consistent with a rock-salt type ordering of the 
Fe and Ir cations described by the formula Sr2Ir2-yFeyO6.  The (111)F reflection is 
observed to increase in intensity and sharpen as the Fe content is increased from y = 
0.67 to 1.0, before broadening again at y = 1.33 (see Figure 5.2).  These changes 
point to the presence of domains of the ordered phase, but only at y = 1.0 can the 
structure be accurately described as an ordered double perovskite.  Nevertheless, it 
was possible to refine structures for all four samples against the synchrotron data 
using a double perovskite model.  The broadening of the R-point superlattice 
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reflections most likely reflects the presence of anti-phase boundaries between small 
ordered domains.  
 An unexpected feature of the diffraction patterns is the shift in the positions 
of the Bragg reflections to higher angles as the Fe content increases.  This 
corresponds to a reduction in the unit cell size.  Recall that high spin Fe
3+ 
has a larger 
ionic radius 0.645 Å than either Ir
4+
 or  Ir
5+
, which are 0.625 and 0.57 Å 
respectively, and thus the observed contraction in the cell suggests partial oxidation 
of the either Fe or Ir to higher oxidation state.  Battle et al.
[23]
  reported the presence 
of a small amount of Fe
4+
 in the Mössbauer spectra of their samples of Sr2IrFeO6, 
and bond valence sums (BVS) calculations suggest the Fe is somewhat overbonded.  
The possibility of partial oxidation of the Fe will be discussed in more detail below. 
Inspection of the synchrotron powder X-ray diffraction pattern of Sr2IrFeO6 
measured at room temperature  revealed that both the (400)F reflection near 2θ = 
24.2° and the (444)F reflection near 2θ = 42.7° were doublets, see Figure 5.3.  It 
should be recalled that R-point reflections occur as a consequence of either cation 
ordering or out-of-phase tilts of the corner sharing octahedra
[36]
. There is no evidence 
for any M-point reflections indicative of in-phase tilting of the octahedra in either the 
synchrotron or neutron diffraction patterns (see Figure 5.4) recorded at room 
temperature.  The most appropriate structural model is monoclinic in the I2/m space 
group, which has (a
0
b
-
b
-
)-type tilts of the BO6 octahedra using Glazer’s notation 
[37]
, 
and both the synchrotron and neutron profiles were well fitted by a model in I2/m, 
with the fit being  improved if a small amount of anti-site disorder between Fe
3+
 and 
Ir
5+ 
was allowed.  Battle et al. reported a similar degree of disorder
[23]
.  The triclinic 
I ̅  model proposed by Battle et al. also only contains out-of-phase tilts, but in this 
the (400)F is expected to be a multiplet rather than a doublet, and we find no 
justification for the use of such a model in the present work. The oxygen site 
occupancies were tested as part of the refinements against the neutron data and 
within the precision of the refinements the sample appears to be stoichiometric.  The 
analogous Co oxide is reported to be stoichiometric, having a composition of 
Sr2CoIrO6.0 
[38]
.   
The same monoclinic model proved satisfactory for the other three Ir-Fe 
compositions studied. With the exception of Sr2IrFeO6, the combination of disorder 
of the Ir and Fe cations and the use of X-ray data limited the accuracy of the 
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structural refinements; however, precise lattice parameters were obtained for all four 
compositions.  The results of these structural refinements are summarised in Table 
5.1 and Table 5.2.  The average Fe-O and Ir-O distances are very similar, 1.964 and 
1.979 Å respectively, with the corresponding BVS being 3.44 and 5.06.  The former 
value suggests slight overbonding of the nominally Fe
3+
 cation. 
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Figure 5.3. Observed (black symbols), calculated (red line) and difference 
(green line) SXRD pattern for Sr2IrFeO6 at room temperature.  The positions of the 
space group allowed reflections are indicated by the short vertical markers.  The 
insert shows the splitting of the (400)F and (444)F reflections indicative of 
monoclinic symmetry. The data were collected at λ = 0.82518Å. 
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Figure 5.4 Observed (black symbols), calculated (red line), and difference 
(green line) neutron diffraction pattern for Sr2IrFeO6 at room temperature. The data 
were collected at λ = 1.622Å. 
 
Table 5.1.  Refined atomic coordinates, lattice parameters and selected bond 
distances for Sr2IrFeO6.  The refinement was in space group I2/m and utilised 
neutron diffraction data obtained  at room temperature. a = 5.5778(1) b = 5.5494(1) c 
= 7.8416(1) Å β= 90.009(3)°.  Fe-O(1) 1.983(6) Fe-O(2) 1.945(11) Ir-O(1) 1.974(5) 
and Ir-O2 1.979(11)Å 
 
 
 
 
 x y z Biso  (Å)
2 n 
Sr 0.5023(9) 0 0.2517(28) 0.44( 2) 1 
Ir1 0 0 0 0.12(3) 0.856(2) 
Fe1 0 0 0 0.12(3) 0.144(2) 
Fe2 0 0 0.5 0.10(1) 0.856(2) 
Ir2 0 0 0.5 0.10(1) 0.144(2) 
O1 0.0424(8) 0 0.2525(18) 1.13(9) 1 
O2 0.2579(17) 0.2424(20) -0.0208(3) 0.40(4) 1 
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Table  5.2 Refined Lattice Parameters for Sr2Ir2-yFeyO6 and SrRu1-xFexO3 at room temperature from SXRD analysis. 
Compound Space 
group 
a (Å) b (Å) c (Å) β ( ° ) V (Å3 ) Rp Rwp χ
2
 
Sr2Ir1.33Fe0.67O6 I2/m 5.5660(5) 5.5657(3) 7.8762(8) 89.693(4) 243.99(4) 3.56 4.94 5.34 
Sr2Ir1.2Fe0.8O6 I2/m 5.5616(4) 5.5630(4) 7.8738(6) 89.714(3) 243.61(3) 4.12 5.62 10.12 
Sr2FeIrO6 I2/m 5.5778(1) 5.5494(1) 7.8416(1) 90.009(3) 242.72(1) 6.17 7.86 16.03 
Sr2Ir0.67Fe1.33O6 I2/m 5.5286(2) 5.5263(2) 7.8457(2) 90.251(2) 239.94(2) 3.66 5.24 11.82 
SrRu0.8Fe0.2O3 Pbnm 5.56795(4) 5.53804(4) 7.84067(6) 90 241.770(3) 5.29 6.70 17.44 
SrRu0.67Fe0.33O3 Pbnm 5.56484(5) 5.53769(5) 7.83113(6) 90 241.325(3) 3.60 4.85 9.89 
SrRu0.6Fe0.4O3 I4/mcm 5.53971(4) = a 7.85998(11) 90 241.210(4) 7.32 9.92 29.08 
SrRu0.5Fe0.5O3 I4/mcm 5.53780(3) = a 7.86472(8) 90 241.189(3) 4.99 6.55 14.91 
SrRu0.33Fe0.67O3 Pm ̅m 3.90172(2) = a = a 90 59.3966(6) 5.86 7.65 18.58 
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5.3.3 Variable temperature crystal structures for Sr2FeIrO6  
The I2/m structure of Sr2IrFeO6 is a consequence of both ordering of the Ir 
and Fe cations and the presence of out-of-phase tilting of the corner sharing 
octahedra.  The latter is known to be sensitive to temperature, and changes in 
temperature can induce structural phase transitions.  When Sr2IrFeO6 was cooled to -
183 °C, the (400)F reflection remained as a doublet, and there was no evidence for 
lowering of symmetry.  The SXRD pattern recorded at -183 °C was well fitted by the 
I2/m monoclinic model, and this structure was found to persist as the sample was 
heated to 250 °C, see Figure 5.5.  Upon heating above 260 °C, the (444)F reflection 
merged into singlet while splitting of (400)F reflection was still apparent; this is 
consistent with I4/m tetragonal symmetry (a
0
a
0
b
-
) 
[37]
.  The I2/m  I4/m transition 
involves a reorientation of the tilts from (011) to (001), and group theory shows the 
direct transition must be first order 
[36]
.  
There was no evidence from the peak shapes or half widths that the 
symmetry of Sr2IrFeO6 was anything other than cubic above 400 °C, and such data 
were well fitted by a model in    ̅ .  This cubic structure retains the ordering of 
the cations but does not contain any tilting of the octahedra, corresponding to the 
(a
0
a
0
a
0
) tilt system
[37]
.  The evolution of the lattice parameters with temperature for 
Sr2IrFeO6 and corresponding structural models are illustrated in Figures 5.6 and 5.7. 
The sequence of phase transitions, I2/m  I4/m     ̅ , is the same as that 
observed for Sr2CoIrO6 
[25]
. The nature of the tetragonal to cubic transition was 
explored through examination of the spontaneous tetragonal strain that develops as a 
consequence of the tilting of the octahedra.  These were estimated from the refined 
lattice parameters as described previously
[39]
.  The temperature dependence of the 
square of the spontaneous tetragonal strains is illustrated in Figure 5.8, where it is 
shown to decrease linearly with increasing temperature, with the transition 
temperature being estimated to be near 360 
o
C. 
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Figure 5.5 Temperature evolution of SXRD portions for Sr2IrFeO6, indicating 
I2/m (-183 °C ~ 230 °C)  I4/m (260 °C)     ̅  (400 °C).  Note the splitting of 
the (400)F, where the subscript indicates this is the index for the cubic    ̅  double 
perovskite cell,  to a doublet indexed as (220) and (004) in the I2/m monoclinic cell. 
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Figure 5.6. Temperature dependence of the appropriately scaled lattice 
parameters and unit cell volume for Sr2FeIrO6 as obtained from SXRD 
measurements. Both the I2/m and I4/m cells are a √   √    superstructure of the 
aristotype perovskite structure, whereas the    ̅  is a 2 x 2 x 2 superstructure. 
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Figure 5.7. Structure models for Sr2IrFeO6 (a) space group I2/m at room 
temperature, (b) I4/m at 300 °C, and (c)    ̅  at 400 °C, illustrating the ordering of 
the corner-sharing  IrO6 (green) and FeO6 (purple) octahedra.  The Sr
2+ 
ions (larger 
blue spheres) occupy the resulting 12-coordinate sites.   
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Figure 5.8. Temperature dependence of the square of the spontaneous tetragonal 
strain for Sr2IrFeO6.  The solid line is a linear fit to the observed data and 
demonstrates the transition to cubic occurs near 360 
o
C.  The deviation apparent at 
high temperatures reflects the small observed tetragonal splitting. 
 
5.3.4 Fe L3-edge XANES 
Further information on the electronic structure of the Sr2Ir2-yFeyO6 oxides was 
obtained through analysis of the Fe L3-edge. (Figure 5.9a). The Fe L3-edge 
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corresponds to a dipole-allowed transition of a 2p3/2 electron into unoccupied 3d 
states and is particularly sensitive to the Fe oxidation state and coordination 
number
[40-42]
, although where the coordination environment is fixed, the line shape of 
the Fe L3-edge is primarily dependent on the oxidation state of Fe 
[40, 43, 44]
.  Two 
peaks (corresponding to transitions to the t2g and eg states) are observed in all Fe L3-
edge XANES spectra and the positions and relative intensities of these are indicative 
of high-spin Fe
3+
.  The L3-edge of Fe
4+
 species appears as a single peak, the 
absorption energy of which is similar (within 0.1 eV) to that of Fe
3+
 
[44, 45]
.  
Consequently the presence of mixed-valent Fe
3+
/Fe
4+
 results in a broadening of the 
L3-edge 
[42]
.
  
A general decrease in the overall intensity of the Fe L3-edge as the Fe content 
increases in Sr2Ir2-yFeyO6 is observed, which suggests that the effective oxidation 
state of Fe decreases with y (decreasing the number of unoccupied 3d states).  Closer 
inspection of the Fe L3-edge shows that the eg peaks becomes more distinct across 
the series as the t2g peak decreases in intensity, confirming that there is an increase in 
the amount of Fe
3+
 relative to Fe
4+
. 
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Figure 5.9(a) The Fe L3-edge XANES spectra of Sr2Ir2-yFeyO6 (where y = 
0.67, 0.8, 1.0, 1.33) (b) Comparison of the Fe L3-edge XANES spectra of 
Sr2Ir1.33Fe0.67O6 and SrRu0.67Fe0.33O3.  The arrows indicate the shift in peak position 
with increasing Fe content. 
The effects of replacing Ir with Ru are evident when comparing the XANES 
spectra in the two samples Sr2Ir1.33Fe0.67O6 and SrRu0.67Fe0.33O3 (Figure 5.9b) that 
Chapter 5 
 
137 
 
contain the same Fe content.  The Fe L3-edge of Sr2Ir1.33Fe0.67O6 is more intense 
compared to SrRu0.67Fe0.33O3, indicating the Fe has a higher oxidation state in 
Sr2Ir1.33Fe0.67O6.  This suggests that the Ir atoms have a lower oxidation state than 
Ru.  This can be explained by considering the electronegativity of the metal 
atoms
[45]
.  Since Fe has a higher electronegativity (1.64) than either Ru (1.42) or Ir 
(1.55), it will be more successful in withdrawing electron density from the bonded 
oxygen atoms than Ru or Ir tending to promote oxidation of these.  This effect will 
be greater in the Ru-containing oxides since Ru has the lowest electronegativity.  
Consequently the effective oxidation state of the Fe in SrRu1-xFexO3 will be lower 
than that of the Fe in Sr2Ir2-yFeyO6.  
5.3.5 Magnetism and electrical properties of Sr2Ir2-yFeyO6 
The temperature dependence of the magnetization for the Sr2Ir2-yFeyO6 
samples was investigated under zero-field-cooled (ZFC) and field-cooled (FC) 
conditions with an applied field of 1000 Oe.  ZFC and FC magnetization curves for 
selected samples are given in Figure 5.10.  The overall results demonstrate that the 
introduction of Fe has a dramatic impact on the magnetism in the system.  The 
magnetic behaviour of the least doped sample, Sr2Ir1.33Fe0.67O6, shows it to be a Pauli 
paramagnet similar to that described for the orthorhombic 
[46]
 and 6H hexagonal 
form of SrIrO3 in Chapter 4.  A slight branching of the ZFC and FC curves is 
apparent near 125 K, possibly as a consequence of local clusters.  The ZFC and FC 
behaviour of Sr2IrFeO6 are obviously different, with a distinct divergence of the ZFC 
and FC curves near 150 K and a broad maximum in the susceptibility, due to 
antiferromagnetic ordering near 120 K.  At temperatures above 180 K, the data 
recorded with an applied field of 1000 Oe could be fitted to the Curie-Weiss law,  
  
 
   
 , with C = 4.707 and θ = -158 K.  These results are in reasonable agreement 
with those reported by Battle et al 
[23]
 and correspond to an effective magnetic 
moment of 6.14 μB for Sr2IrFeO6, which is slightly higher than the calculated spin 
only moment (μ = 5.92μB , estimated for a mixture of high-spin Fe
3+
 and 
diamagnetic Ir
5+
).  An additional feature in the magnetization is apparent near 40 K 
and is possibly due to short range order. Although the average structure contains a 
rock-salt like ordering of the Fe and Ir cations, this apparently breaks down locally 
such that both ordered and disordered (Fe-rich) domains exist.   
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Increasing the Fe content to y = 1.33 leads to an antiferromagnetic transition 
at 42 K.  The inverse susceptibility plot shows evidence for a small anomaly near 
150 K, and we believe this corresponds to antiferromagnetic coupling between the 
Fe
3+
 cations in the ordered domains, whilst the magnetic coupling within the 
disordered domains is responsible for the low temperature transitions.  The data 
above 235 K could be fitted to the Curie-Weiss law with C = 4.29 and θ = -44 K.  
This corresponds to an effective magnetic moment of 5.85 μB. 
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Figure 5.10.  Temperature dependences of magnetization for Sr2Ir2-yFeyO6 for y = 
0.67, 1, 1.33 recorded with an applied magnetic field of 1000 Oe. 
The temperature dependence of the electrical resistivity for Sr2Ir2-yFeyO6 in 
the range 5–200 K is illustrated in Figure 5.11.  Both the ambient pressure 
monoclinic 6H-SrIrO3 and  high pressure O-SrIrO3 phases are metallic at room 
temperature, and the latter undergoes a metal-insulator-like transition near 44 K
[46]
.  
The resistivity measurements for Sr2Ir1.33Fe0.67O6 show that it, like SrIrO3, is metallic 
at room temperature.  The resistivity of Sr2Ir1.33Fe0.67O6 is essentially independent of 
temperature.  Increasing the Fe content to 50% resulted in a transition to a non-
metallic state and, as illustrated in Figure 5.11, the resistivity of Sr2IrFeO6 increases 
as the temperature is lowered, typical of a semi-conductor.  The activation energy for 
Sr2IrFeO6 was estimated to be Ea = 0.027 eV from a linear fit of ln(1/R) vs. 1/T.  It 
was only possible to collect resistivity data on Sr2Ir1.33Fe0.67O3 for temperatures 
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down to 160 K before the measurement system was saturated; the activation energy 
was estimated to be 0.17 eV. 
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Figure 5.11. Temperature dependence of resistivity for Sr2Ir2-yFeyO6. The 
behaviour at high temperature has been expanded.  
 
5.4.1 Crystal structures of SrRu1-xFexO3 
Portions of SXRD patterns for the SrRu1-xFexO3 samples are given in  
Figure 5.12.  The diffraction patterns for the x = 0.2 and 0.33 samples were clearly 
orthorhombic, and the observation of weak R- and M-point superlattice reflections 
are indicative of, respectively, out-of and in-phase tilting of the BO6 octahedra, 
demonstrating that the space group Pbnm is appropriate.  The structures of these two 
oxides were successfully refined against the SXRD data using the Rietveld method.  
The diffraction pattern for the sample with x = 0.4 is noticeably different to those for 
the x = 0.2 or 0.33 samples.  In particular, it did not contain any reflections indicative 
of in-phase tilts, demonstrating Pbnm to be inappropriate. An alternate orthorhombic 
structure that lacks in-phase tilts, in the space group Imma, has been observed in 
SrRuO3 at high temperatures. Attempts to fit the data with a model in Imma were 
possible, but the refinements tended to be unstable. A satisfactory fit was obtained in 
I4/mcm. 
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Figure 5.12.  Portions of observed SXRD patterns for SrRu1-xFexO3 at room 
temperature. The subscript p indicates the peaks are indexed on the basis of the cubic 
   ̅  perovskite cell. 
 
Battle et al. described the structure of SrRu0.5Fe0.5O3 in the monoclinic space 
group I2/c;  however, they made no justification for their choice, other than to note 
that “refinements in space groups of higher symmetry had produced poor 
agreement”[27].  Given that I2/c is an extremely rare space group for ABO3 
perovskites, it is worth considering the evidence for this.  The neutron and SXRD 
patterns recorded here for SrRu0.5Fe0.5O3 provided no evidence for long-range 
ordering of the Fe and Ru cations, nor did they show evidence for M-point 
superlattice reflections indicative of in-phase tilting of the corner sharing octahedra 
(Figures 5.13 and 5.14).  By examination of the results presented by Howard and 
Stokes
[47]
 this limits the choice to six possible space groups; I4/mcm (a
0
a
0
c
-
); Imma 
(a
0
b
-
b
-
); R ̅c (a-a-a-); C2/m (a0b-c-); C2/c (a-a-c-) and P ̅ (a-b-c-).  These can often be 
distinguished by examination of the peak splitting of the basic reflections of the 
cubic perovskite.  Rhombohedral symmetry (R ̅c) can be identified by splitting of 
the (hhh) reflections to a doublet with 1:3 intensity ratio, while the (h00) reflections 
are unsplit.  In the present case the (200)P reflection is obviously split, eliminating 
this as a possibility. The subscript P indicates the peaks are indexed on the basis of 
the cubic    ̅  perovskite.  For tetragonal symmetry, the (h00)-type reflections 
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such as the (200)P refection are split into doublets, and the (hhh)-type reflections 
remain unsplit.  This is consistent with the observed data, although we note that the 
(111)P reflection shows a slight asymmetry to high angles. 
In orthorhombic Imma both the (hhh) and (h00) type reflections are allowed 
to be split but, as found for SrZrO3, pseudo-symmetry can severely impact on the 
size of the splitting
[48]
.  We discarded this option since the observed pseudo-
tetragonal splitting is consistent with c/a > 1, whereas in examples such as SrZrO3 
the pseudo-tetragonal Imma structure invariably has c/a < 1.  Furthermore, the fits to 
the diffraction data with such a model were no better than those obtained with a 
model in I4/mcm. 
Since the (111)P reflection shows slight broadening, we considered the two 
monoclinic structures identified by Howard and Stokes in C2/m and C2/c.  The 
former has been observed in PrAlO3 at low temperatures
[49]
.  Although both 
monoclinic models allow for splitting of the (111)P reflection, neither predict any 
additional peaks over that found for the tetragonal I4/mcm cell.  The fits to the 
diffraction data in both models were reasonable, however for the SXRD data the 
calculated width of the (111)P reflection was considerably larger than observed, and 
neither space group modelled the asymmetry in this reflection.  It is concluded that 
there is no evidence to support either model. Likewise, there is no evidence to 
support the triclinic model. Thus there is the somewhat uneasy situation where none 
of the structural models were ideal.  It is believed that this is a consequence of 
anisotropic line broadening due to the presence of micro-twins and/or strains 
associated with the disorder of the Ru
5+
 and Fe
3+
 cations.  Fu and co-workers have 
previously shown using very high resolution neutron diffraction that the monoclinic 
phase proposed to exist in BaPbO3 is actually orthorhombic, and that micro-twin-
induced strains can result in anisotropic line broadening
[50]
.  The inclusion of 
anisotropic broadening along the [00l] direction resulted in a significant 
improvement of the fit to the diffraction data obtained with the tetragonal model. The 
results of this are shown in Figures 5.13 and 5.14.  Selected refinement parameters 
for SrRu1-xFexO3 series are summarised in Table 5.2. 
 
Chapter 5 
 
142 
 
20 40 60 80
0
100000
200000
300000
400000
60 65 70 75 80 85
0
2000
4000
6000
8000
10000
12000
14000
16000
 
 
In
te
n
s
it
y
 (
c
o
u
n
ts
)
2 degrees
2
 
Figure 5.13 Observed (black symbols), calculated (red line) and difference (green 
line) SXRD pattern for SrRu0.5Fe0.5O3 at room temperature. The data were modelled 
in space group I4/mcm.  The inset shows the quality of data and fit in the high-angle 
region.  The data were collected at λ = 0.82518 Å. 
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Figure 5.14. Observed (black symbols), calculated (red line) and difference 
(green line) ND (λ = 1.622Å) pattern for SrRu0.5Fe0.5O3 at room temperature. 
5.4.2 Variable temperature crystal structures for SrRu1-xFexO3(x = 0.5, 0.4)   
Heating a sample of SrRu0.5Fe0.5O3 resulted in a progressive decrease in the 
intensity of the superlattice reflections associated with the tilting of the octahedra 
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and a gradual loss in the tetragonal distortion evident in the (200)P reflection.  Above 
300 °C we found no evidence for either effect, and conclude that the structure is 
cubic in    ̅ .  The temperature dependence of the lattice parameters is consistent 
with a continuous phase transition as indicated by Howard and Stokes 
[47]
. Selected 
portions of SXRD patterns for SrRu0.5Fe0.5O3 are shown in Figure 5.15. The result of 
the analysis of all the variable-temperature SXRD data is illustrated in Figure 5.16, 
which shows the evolution of the lattice parameters and the corresponding structural 
models. 
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Figure 5.15.  Portions of SXRD patterns with for SrRu0.5Fe0.5O3 recorded at 25 °C, 
225 °C, and 400 °C, showing the (111) reflection remaining a singlet while the 
splitting of the (200) reflection is lost, indicative of the           ̅  
transition. The peaks are indexed on the basis of the cubic     ̅  perovskite. 
 
The spontaneous tetragonal strain was estimated from the refined lattice 
parameters 
[39]
.  The temperature dependence of this is illustrated in Figure 5.17, 
where it is shown to decrease linearly with increasing temperature.  This is consistent 
was a second order I4/mcm     ̅  transition.  The lack of any anomalies in the 
temperature dependence of the spontaneous tetragonal strain is further evidence 
against the presence of a monoclinic structure, since neither I2/m or I2/c can undergo 
a continuous direct transformation to the cubic    ̅  structure.  Variable-
temperature diffraction measurements demonstrated that SrRu0.6Fe0.4O3 also 
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undergoes an           ̅  phase transition, albeit a slightly higher 
temperature, near 350 °C, see Figure 5.18. 
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Figure 5.16.  Temperature dependence of the equivalent lattice parameters for 
SrRu0.5Fe0.5O3 . The I4/mcm cell is a √   √    superstructure of the aristotype 
perovskite structure. 
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Figure 5.17.  Temperature dependence of the spontaneous tetragonal strain 
for SrRu0.5Fe0.5O3.  The solid line is a linear fit to the observed data and 
demonstrates the transition to cubic occurs near 300 
o
C. 
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Figure 5.18.  Temperature dependence of the equivalent lattice parameters for 
SrRu0.6Fe0.4O3 . 
 
5.4.3 Magnetism and electrical properties of SrRu1-xFexO3 
The ZFC-FC magnetisation data show suppression of ferromagnetism with 
increasing Fe content in SrRu1-xFexO3.  Both the x = 0.2 and 0.33 samples are, like 
SrRuO3 itself, ferromagnetic (see Chapter 6 for x = 0.2).  When the Fe content is 
increased to x = 0.5, antiferromagnetic interactions become apparent and its 
magnetic nature becomes more complex, with two magnetic transitions observed 
near 149 K and 49 K.  This presumably reflects the presence of domains with 
different dominant magnetic interactions, Fe-O-Ru vs. Fe-O-Fe.  The lower 
temperature transition is more apparent in the highest Fe-doped sample 
SrRu0.33Fe0.67O3, (see Figure 5.19).   
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Figure 5.19.  Temperature dependence of magnetization for SrRu1-xFexO3 for 
x = 0.33, 0.5, 0.67 recorded with an applied magnetic field of 1000 Oe. 
 
 The present results for SrRu0.5Fe0.5O3 are somewhat different to that 
described by previously by Battle  and co-workers who described that material as a 
spin glass with a transition temperature near ~50 K.
[27]
  It is postulated that the 
difference reflects differences in the nature of the disordered domains. 
 Resistivity measurements demonstrate that doping SrRuO3 with Fe results in 
a transition from metallic to non-metallic, as previously described in detail by Bansal 
et al.
[28]
. A similar effect was observed for Fe-doped SrIrO3.  Evidently the change in 
conductivity cannot be linked to the ordering, or otherwise, of the two cations, 
despite the general sensitivity of conductivity to structure.  Our results show a 
Chapter 5 
 
147 
 
general trend of increasing symmetry in both series upon Fe-doping, which is in line 
with the increase in tolerance factor from 0.99 to 1.003. The XANES measurements 
demonstrate that Fe is predominantly trivalent and does not increase significantly in 
either system, requiring Ru and Ir to be mixed M
4+/5+
 in the doped oxides with x  ≤ 
0.5.  In the case of x ≥ 0.5 it is possible that the more highly oxidised M6+ may be 
formed, and indirect evidence for this comes from the notable drop of cell volume in 
these two samples, as listed in Table 5.2. 
Despite both the apparent similarity in the conductivity and the trend towards 
higher symmetry in the Ru and Ir oxides, the magnetic behaviour of the two series is 
different, in that while Fe-doping in the Ir oxides makes the system behave more like 
a spin-glass than a magnetic ordered phase, it reduces ferromagnetism in the 
analogous Ru oxides.  This clearly points to differences between the overlap of the 
3d orbitals of Fe and the 4d or 5d orbitals of the heavier Ru and Ir cations.  
 
5. 5 Conclusion 
The use of high-resolution diffraction methods has allowed revision of the 
description of the structures of the two oxides Sr2IrFeO6 and SrRu0.5Fe0.5O3.  It is 
proposed that the correct structure for the former is monoclinic in the space group 
I2/m, and for the latter the tetragonal space group I4/mcm.  In both cases the 
presence of strains and/or micro-twinning have resulted in anisotropic peak 
broadening that prompted previous researchers to describe the structures in lower 
symmetries than appropriate.  Variable-temperature synchrotron X-ray diffraction 
measurements of Sr2IrFeO6 show that this undergoes the sequence of phase 
transitions associated with the loss of the octahedral tilts              ̅ .  
SrRu0.5Fe0.5O3 is also found to undergo a phase transition due to the loss of the in-
phase tilts upon heating from tetragonal to cubic,           ̅ .  
These two oxides illustrate the fascinating disjoint between Ru and Ir.  
Superficially, their solid-state chemistry is expected to be very similar, yet the 
structural and magnetic properties of the present oxides are dramatically different.  
Cation ordering in Sr2IrFeO6 is ascribed to a combination of differences in the 
formal charge and size of the two cations.  If these were the only contributing 
factors, cation ordering should also occur in the analogous Ru oxide, since the ionic 
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radii of Ir
5+
 (0.57 Å) and Ru
5+
 (0.565 Å) are virtually identical.  XANES 
measurements show a small difference in the formal oxidation states of the two 
systems, but we suspect this is insufficient to explain the difference in the cation 
order.  Part of the answer may come from the difference in their d-electron 
configurations (4d
3
 vs. 5d
4
). This will impact on the magnetism, and it is suspected 
that the magnetic interactions are significant as evidenced by the persistence of 
ferromagnetism in the Fe-doped SrRuO3 series.  
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Chapter 6 
Examination of Crystal Structures and Electronic 
Properties in 3d Transition Metal Doped SrRuO3. 
 
6.1 Introduction 
SrRuO3 and CaRuO3 are isostructural; both have an orthorhombic perovskite-
type structure in space group Pbnm
[1-3]
.  CaRuO3 is more distorted than SrRuO3 due 
to the larger rotations of the RuO6 octahedra reflecting the lower tolerance factor. 
The properties of these are remarkably different indicating a delicate balance in 
determining electronic properties, for example CaRuO3 is paramagnetic while 
SrRuO3 is ferromagnetic with a high Curie temperature (TC = 160 K)
[4]
.  SrRuO3 
exhibits various unusual properties, including ferromagnetism, high metallic 
conductivity with low thermal conductivity, high chemical stability, and easy 
epitaxial growth. The combination of these interesting properties makes strontium 
ruthenate (SrRuO3) a promising material for many technological applications 
[4-7]
.  
Isovalent substitution of the Sr cation by Ca and Ba has been extensively studied and 
demonstrates that the ferromagnetism of SrRuO3 is easily perturbed.  There is some 
variation between studies, reflecting the sensitivity of the magnetic properties of 
SrRuO3 to small structural deviations 
[8]
.  Recently Jin et al. 
[9]
 concluded that the 
observed decrease in the Curie temperature upon doping at the A-site is dependent on 
numerous factors including changes in the octahedral tilting, Jahn-Teller distortions 
and covalence.   
Given the sensitivity of the magnetic properties of SrRuO3 to A-site doping it 
is perhaps not surprising that the magnetic properties of SrRuO3 are easily perturbed 
by doping of transition metals at the B-site 
[10, 11]
.  In general, substitution of  Ru-site 
in SrRuO3 by another metal reduces the ferromagnetic transition temperature, with 
the important exception of Cr 
[12-15]
 .  Han et al.  
[13]
 reported that the ferromagnetic 
ordering temperature of SrRu1-xCrxO3 increased from 162 K in SrRuO3 to 175 and 
186 K for x =  0.05 and 0.12, respectively.   Similar results were observed by 
Dabrowski et al. 
[14]
 who suggested that the conductivity changed from metallic to 
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semiconducting behaviour near x = 0.05.  Williams et al. 
[15]
 also reported a metal-
insulator boundary in the series. 
The effect of Mn and Cu doping on the structure and magnetic properties of 
SrRuO3 have received considerable attention as illustrated by studies of 
SrRu0.5Mn0.5O3
[16]
 and SrRu0.8Cu0.2O3
[17]
. SrRuO3 is orthorhombic, whereas both 
SrRu0.5Mn0.5O3 and SrRu0.8Cu0.2O3 are tetragonal, in space group I4/mcm, 
presumably as a consequence of long range orbital ordering associated with the Jahn-
Teller active Mn
3+
 and Cu
2+
 cations. The effect of Mn, Fe, and Co doping at Ru site 
was also found to impact on the electrochemical behaviour and it has been proposed 
that these may find application as supercapacitors
[18]
. Despite the vast body of 
literature available for SrRuO3 
[19-26]
 establishing the structure-property relationships 
in chemically substituted SrRuO3 remains a challenge.   
As described in Chapter 4 and 5, a number of orthorhombic perovskites of 
the type SrIr1-xMxO3 has been prepared by chemical doping.  Single phase samples of 
these SrIr1-x MxO3 oxides could only be obtained for very specific compositions; with 
partial oxidation of the Ir to at least +4.5 is a necessary but not a sole determinant. 
For divalent cations such as Zn and Mg, the smallest doping level that yields single 
phase samples under ambient pressure is x = 0.2, i.e. SrIr0.8 M0.2O3. Conversely, it is 
possible to prepare ruthenates of the type SrRu1-xMxO3 for almost all 3d TMs at 
lower doping levels.   
Intriguingly, despite the striking difference in the structure of the two end 
members, SrIrO3 having a 6H hexagonal structure
[27]
 while SrRuO3 is 
orthorhombic
[1, 2, 28]
, the structures of the divalent transition metal doped SrIr1-xMxO3 
oxides were found to be orthorhombic in Pbnm space group and isostructural with 
most of the analogous Ru oxides
[28]
.  This structural similarity between these two 
divalent metal doped series is intriguing and encouraging a reinvestigation of doped 
SrRuO3 to enhance the understanding of the factors governing their properties.  
Although many of the oxides described here have been reported previously, 
differences in sample quality and measurement details limits the ability to transfer 
results from one study to another.  This reflects the delicate balance of crystal and 
electronic structure that determines the unique behaviour of SrRuO3.  It appears that 
there is no systematic study on these oxides comparing the effect of different 
transition metal dopants in particular at higher doping levels such as x = 0.2 in 
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SrRu1-x MxO3.  This chapter describes the systematic investigation on these and the 
response of the structures to changes in temperature.   
6.2 Experimental 
Polycrystalline samples of SrRu1-xMxO3 (where M = Ni, Cu, and Zn, x = 0.05, 
0.075, 0.1,…0.2) and  SrRu0.8M0.2O3 ( where M = Mn, Fe, Co, Mg) were prepared by 
the solid-state reaction of stoichiometric quantities of SrCO3 (Aldrich 99.9%), Ru 
(Aithaca 99.99%), Mn2O3, Fe2O3, Co2O3, NiO, CuO, ZnO, and MgO.  The transition 
metal oxides were from Aldrich and of purity above 99.9% except for Fe2O3 and 
MgO that were 99%.  Powders of the starting materials were mixed, ground and 
initially heated, in alumina crucibles, at 800 °C for 12 hours, followed by regrinding, 
pelletising and heating at 1000 °C for 96 h with intermediate grinding.  The samples 
were finally heated at 1200°C for 48 hours, except for the Mg and Cu doped samples 
that required further heating at 1250°C for 96 hours.  The reactions were monitored 
by powder X-ray diffraction with Cu Kα radiation, using a PANalytical X'Pert PRO 
X-ray diffractometer equipped with a PIXcel solid-state detector.  When the X-ray 
diffraction patterns no longer changed, and showed no detectable impurities, the 
synthesis was considered to be complete.  
Structural characterisation was performed using combination of synchrotron 
X-ray and neutron diffraction methods. Synchrotron X-ray diffraction patterns 
(SXRD) were recorded using the powder diffractometer at BL-10 of the Australian 
Synchrotron
[29]
.  Data were collected at room temperature in an angular range of 5
°
 ≤ 
2 ≤ 85° using X-rays of  wavelength 0.82554Å, precisely determined by calibration 
against NIST SRM660a LaB6.  Each finely ground sample was placed in a 0.3 mm 
diameter capillary that was rotated during the measurements.  High temperature data 
were collected using a Cyberstar hot-air blower.  Neutron diffraction data were 
collected for selected Cu doped samples using the high-resolution powder 
diffractometer (HRPD) at the ISIS neutron facility, Rutherford Appleton 
Laboratories
[30]
. The powdered samples (~ 5g)  were lightly packed into an 
vanadium  can that was mounted in Orange Cryostat, located at the 1 m position of 
the diffractometer.  All diffraction patterns were recorded over the time-of-flight 
range 30–130 ms in both the back-scattering and ninety-degree detector banks, 
corresponding to d-spacings from 0.6 to 2.6 °A (at a resolution Δd/d ∼ 4×10−4) and 
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from 0.9 to 3.7 A° (Δd/d ∼ 2 × 10−3), respectively.  The patterns were normalized, 
and corrected for detector efficiency according to prior calibration with a vanadium 
scan.  After recording a pattern at room temperature, the sample was cooled, then 
patterns recorded at 1.8 K and as the temperature was increased to 300 K. For the 
completeness of the discussion, synchrotron X-ray and neutron data for the Cu doped 
series, from the thesis work of Dr. Jimmy Ting
[31]
, have been included in this 
Chapter. 
Magnetic properties and electrical resistivity of the materials were measured 
with a Quantum Design Physical Property Measurement System (PPMS) system in 
the range of 5–300 K.  Zero-field cooled (ZFC) and field-cooled (FC) magnetic 
susceptibility data were collected with a magnetic field of 1000 Oe. 
6.3 Results and Discussion 
6.3.1 Room temperature crystal structures of SrRu1-xMxO3 
The high signal to noise capability of synchrotron X-ray diffractometers 
coupled with their exceptional peak shape resolution generally simplifies 
identification of the appropriate space group for perovskites.  In cases of high 
pseudo-symmetry (where the cell metric appears to have higher symmetry than 
actual) examination of the presence or absence of the superlattice reflections 
associated with displacements of the anions is critical.  The primary order parameters 
for the orthorhombic phase of SrRuO3 that describe the anion displacements  
transform as the basis vectors  of two irreducible representations (irreps) of the cubic 
aristotype, namely R4+ with wavevector ( ½, ½, ½ ) that are associated with the out-
of-phase tilting of the RuO6 octahedra and M3+ with wavevector ( ½, ½, 0) 
associated with the in-phase tilts. 
With the exception of M = Cu the diffraction patterns for the various 
SrRu0.8M0.2O3 oxides studied here contained a mixture of R-point and M-point 
superlattice reflections demonstrating the presence of both in-phase and out-of-phase 
tilting of the octahedra.  The appropriate space group was identified as Pbnm and the 
structures were refined using this.  Figure 6.1 illustrates the SXRD pattern for 
SrRu0.8Zn0.2O3 where the superlattice reflections are clearly observed.  The 
orthorhombic Pbnm structure is described as having a (a
-
a
-
c
+
)  tilt system using the 
notation developed by Glazer.
[32]
  As discussed in more detail below, slightly above 
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room temperature SrRu0.8Cu0.2O3 adopts a tetragonal structure in space group 
I4/mcm, corresponding to the Glazer tilt system (a
0
a
0
c
+
)
[32]
. 
Attempts to prepare phase pure samples of SrRu0.8Mn0.2O3 were 
unsuccessful, with the samples containing trace amounts an impurity tentatively 
identified as Mn2O3 and a poorly crystalline perovskite phase.  Including these two 
phases in the refinement lead to an adequate, but not optimal, fit to the data with χ2 = 
19.9%.  Despite the presence of these additional phases a number of weak R-point 
and M-point superlattice reflections were apparent in the diffraction pattern and thus 
it appears that a Mn doped phase has been produced and that it adopts the 
orthorhombic Pbnm structure.  The refined structural parameters for this are listed in 
Table 6.1.  Given the relatively low precision of the refinement it is simply noted 
that the octahedra are somewhat distorted, possibly reflecting the impact of the Jahn-
Teller (JT) active Mn
3+
 d
4
 (    
   
 ) cations.  These results are in line with literature 
reports that Mn doped SrRu1-xMnxO3 samples retain the orthorhombic Pbnm 
structure for x ≤ 0.2 [23, 25].  At x = 0.5 i.e. SrRu0.5Mn0.5O3,  the material adopts the 
same tetragonal structure seen in the Cu rich oxides
[16]
.  
The tolerance factor (t) expressed as t = (rA + rO)/ √ (rB + rO) where rA, rB, 
and rO are ionic radii of the respective ions
[33]
 is a powerful guide to the likehood of 
tilting in perovskites.  The tolerance factors for all of the x = 0.2 compositions are 
very similar (see Table 6.1) and consequently the magnitude of the in-phase and out-
of-phase tilts are similar.  The octahedral tilts were calculated from the refined 
oxygen positions as described by Kennedy et al.
[34]
 .  Again SrRu0.8Cu0.2O3 was an 
exception and the diffraction patterns showed no evidence for any M-point 
reflections indicative of in-phase tilts. 
In addition to varying the metal for a constant stoichiometry the effect of 
altering the amount of dopant was investigated for three systems; Zn, Cu and Ni,  X-
ray diffraction patterns for the eight examples of Zn doped SrRu1-xZnxO3 0 ≤ x ≤ 0.2 
prepared showed each of these adopts the orthorhombic Pbnm structure observed for 
SrRuO3 at room temperature
[28]
.   
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Table 6.1. Refined parameters for SrRu0.8M0.2O3 at room temperature from S-XRD analysis.  With the exception of SrRu0.8Cu0.2O3 which 
is a mixture of tetragonal (I4/mcm) and monoclinic (P21/m) the structures are orthorhombic in Pbnm for others. * Neutron data were used 
 SrRu0.8Mn0.2 O3 SrRu0.8Fe0.2 O3 SrRu0.8Co0.2O3 SrRu0.8Ni0.2O3 * SrRu0.8Cu0.2O3 * SrRu0.8Zn0.2O3 SrRu0.8Mg0.2O3 
tolerance factor (t) 0.997 0.997 0.987 0.998 0.994 0.993 0.995 
a (Å) 5.56850(6) 5.56793(4) 5.57104(4) 5.5715(1) 5.5160(1) 5.58425(3) 5.5718(1) 
b (Å) 5.5338(6) 5.53742(5) 5.54032(5) 5.5377(1) 5.55047(3) 5.5436(1) 
c (Å) 7.84692(9) 7.84081(7) 7.84679(7) 7.8432(2) 7.9770(1) 7.86274(4) 7.8509(2) 
vol (Å
3
) 241.801(4) 241.748(3) 242.194(3) 241.990(10) 242.446(2) 243.707(2) 242.495(8) 
Rp (%) 4.71 5.14 4.05 7.82 6.86 5.19 7.53 
Rwp (%) 6.93 7.03 5.53 5.86 5.93 7.56 11.32 
χ2 19.88 19.81 10.04 2.68 1.56 5.96 18.4 
Ru/M-O1 Å) 2.016(5) 1.999(1) 1.996(1) 1.982(2) 1.99425(4) 1.9925(9) 2.002(2) 
Ru/M-O2  (Å) 1.90(2) 1.905(17) 1.96(4) 1.978 (2)  
1.9703(2) 
1.925(10) 1.937(13) 
Ru/M-O2  (Å) 2.04(2) 2.027(16) 1.97(4) 1.974(2) 2.024(9) 2.012(12) 
BVS (Ru) 4.06 4.12 4.09 4.07 4.33 4.05 4.02 
BVS (M) 3.26 3.37 2.85 2.50 2.67 2.85 2.75 
Oh distortion 28.4×10
-4
 21.6×10
-4 
1.49×10
-4
 0.08 ×10
-4
 0.33×10
-4 
8.47×10
-4
 2.42×10
-4
 
(+) Oh tilting ( °) 2.74 1.78 0.31 0.49 0 2.80
 
4.80
 
(-) Oh tilting ( ° ) 4.07 7.45 6.73 3.5 8.19 7.48 7.69 
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Figure 6.1. Observed (black symbols), calculated (red line) and difference (green line) S-
XRD pattern for SrRu0.8Zn0.2O3.  The insets show weak reflections indicative of octahedral 
tilting as occurs in the orthorhombic space group     . 
The composition dependence of the lattice parameters and unit cell volume for   
SrRu1-xZnxO3 is illustrated in Figure 6.2.  The observed cell parameters and volume are 
within the precession of the measurements, approximately independent of composition 
despite Zn
2+
 being considerable larger than Ru
4+
, the ionic radii for the 6-coordinate ions are 
0.74 and 0.62 Å respectively
[35]
. This can be explained by considering the charge balance.  
Introducing divalent M
2+
cations at the Ru
4+
 site will result in partial oxidation of the Ru
4+
 to 
Ru
5+
 in order to maintain charge neutrality.  Alternatively oxygen vacancies may be 
introduced into the system, however neutron diffraction measurements for SrRu0.8Ni0.2O3 and 
SrRu0.8Cu0.2O3 showed no evidence for such vacancies.  The addition of x mole of Zn
2+
 with 
ionic radius 0.74Å will produce 2x mole of Ru
5+
 (0.565 Å) and (1-3x) mole Ru
4+
 (0.62 Å) 
will remain
[35]
, i.e. the formula can be written as         
      
    
     . The average sizes 
of B-site cations in SrRu1-xZnxO3 increases only marginally with Zn doping from 0.620 Å 
when x = 0.00 to 0.622 Å when x = 0.20.  The impact of this change in size of the cations can 
be quantified by the tolerance factor, t. For the Zn substituted oxides the tolerance factor is 
reduced marginally from 0.994 in x = 0.0 to 0.993 in x = 0.20.  Details of the refinement 
results, from room temperature SXRD data, for each member of the SrRu1-xZnxO3 series are 
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listed in Table 6.2.  Neutron diffraction measurements for SrRu0.825Zn0.175O3 indicated full 
occupancy of the two anion sites. As listed in the table neither the octahedral tilts, calculated 
from refined oxygen positions
[34]
 nor the octahedral distortion
[36](calculated using formula Δd 
=1/6 ∑                 
2
) showed any discernible trend probably due to very small 
difference in tolerance factor and relatively low sensitivity of X-ray diffraction to small 
displacements of the oxygen anions in the presence of the heavier Ru and Sr cations. 
Intriguingly the Bond Valence sum (BVS) of the Ru cation remains close to 4.0 for all 
the x = 0.2 oxides, with the exception of the Cu doped material.  The effective BVS of the  
catio is invariably greater the 2.0.  For cations such as Fe or Mn this may reflect partial 
oxidation of these, but this clearly doesn’t explain the BVS for Zn or Mg where only the +2 
oxidation state is possible.  Other than local disorder we have no explanation for this 
observation.  
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Figure 6.2. Composition dependence of the unit cell volume (upper), and lattice parameters 
(lower) from SXRD refinements for SrRu1-xZnxO3. Lattice parameter values for x = 0 were 
taken from the literature
[28]
.  All the parameters are normalised (a/√ , b/√ , c/2) to the cubic 
cell for comparison. 
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Table 6.2. Refined parameters for SrRu1-xZnxO3 at room temperature from S-XRD analysis (λ = 0.82544Å; space group Pbnm.) 
x =  0.05 0.075 0.1 0.125 0.15 0.175 0.2 
tolerance factor (t) 0.9939 0.9938 0.9937 0.9935 0.9934 0.9933 0.9932 
a (Å) 5.59053(2) 5.58648(3) 5.58806(4) 5.58103(3) 5.58314(4) 5.57767(2) 5.58425(3) 
b (Å) 5.55732(2) 5.55304(4) 5.55469(4) 5.54672(3) 5.54976(4) 5.54159(2) 5.55047(3) 
c (Å) 7.87032(4) 7.86670(5) 7.86730(6) 7.86277(4) 7.86454(6) 7.85884(3) 7.86274(4) 
vol (Å3) 244.517(2) 244.040(3) 244.201(3) 243.403(2) 243.683(3) 242.910(1) 243.707(2) 
Rp (%) 5.86 5.10 5.92 4.40 4.76 3.41 5.19 
Rwp (%) 8.20 6.92 8.10 5.99 6.63 5.03 7.56 
χ2 54.20 48.79 68.02 33.97 39.10 22.39 5.96 
Ru/Zn-O1 Å) 1.9976(8) 1.9999(8) 2.0024(9) 1.9930(8) 1.9996(9) 1.9913(6) 1.9952(9) 
Ru/Zn-O2  (Å) 1.942(6) 1.9585(6) 1.952(7) 1.952(5) 1.967(7) 1.958(4) 1.932(9) 
Ru/Zn-O2  (Å) 2.022(5) 1.991(6) 2.006(7) 2.006(5) 1.988(7) 2.0003(4) 2.017(9) 
BVS (Ru) 3.99 3.99 3.98 4.01 4.00 4.02 4.04 
BVS (Zn) 2.80 2.81 2.80 2.83 2.81 2.82 2.8 
Oh distortion  8.51×10-4 2.28×10-4 4.61×10-4 4.03×10-4 1.38×10-4 2.77×10-4 10.1×10-4 
(-) Oh tilting ( °) 7.61 7.82 7.69 7.83 7.74 8.26 7.47 
(+) Oh tilting ( ° ) 4.80 4.27 4.46 4.40 4.29 4.32 2.93 
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Doping with Cu
2+
 (0.73Å) in the series SrRu1-xCuxO3, does not change the tolerance 
factor at all doping levels studied.  Analysis of SXRD patterns confirmed that orthorhombic 
structure observed in SrRuO3 persists for copper doping levels of up to 0.175.  At x = 0.25 the 
diffraction patterns showed the material to be tetragonal and the appropriate space group was 
I4/mcm and this was also found in SrRu0.7Cu0.3O3.  Portions of the SXRD patterns 
corresponding to the structural evolution are illustrated in Figure 6.3.   
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Figure 6.3 Portions of SXRD patterns for SrRu1-xCuxO3 showing the evolution of x with 
increased doping amount.  The R-point reflections are indicative of out-of-phase tilting and 
the M-point reflections of in-phase tilting.  The X-point reflections occur when both R-and 
M-point distortions are present. 
Attempts to fit the SXRD pattern for the x = 0.20 sample in the tetragonal model were 
unsuccessful and this appeared to be a mixture of two phases which analysis suggested to be 
a monoclinic phase in P21/m and tetragonal in I4/mcm.  In order to obtain single phase 
samples we altered the temperature.  Figure 6.4 shows the SXRD pattern for SrRu0.8Cu0.2O3 
measured at 330 K, this was well fitted to a single phase model in I4/mcm.  Since the 
monoclinic space group P21/m is rarely encountered in ABO3 perovskites neutron diffraction 
methods were employed to investigate this.  Cooling the sample to 1.8 K yielded a single 
phase monoclinic sample, and the results of the fitting to the HRPD neutron pattern are 
illustrated in Figure 6.5, and the refined structural parameters are given in Table 6.3.  The 
remarkably different behaviour of the Cu doped oxide compared to the Zn and Ni ( see 
below) based systems is believed to be a consequence of the Jahn-Teller distortion associated 
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with the Cu
2+
 3d
9
 (    
   
 ) cation.  Despite this the individual M-O bond distances for 
SrRu0.8Cu0.2O3 are all approximately equal.  This possibly reflects both the relatively low Cu 
content and the random distribution of this.  Figure 6.6 summarises the structural evolution 
for the series SrRu1-xCuxO3. 
20 40 60 80
0
50000
100000
150000
200000
250000
300000
350000
400000
450000
18 20 22 24 26 28 30 32 34 36  
 
In
te
ns
ity
 (c
ou
nt
s)
2 (degrees)
In
te
ns
ity
 
2 (degrees)  
 
X 2.5
 
Figure 6.4. Observed (black symbols), calculated (red line) and difference (green line) S-XRD pattern 
for SrRu0.8Cu0.2O3 obtained at 330 K. The insets highlight the tetragonal splitting and illustrate the 
absence of any M-point reflection showing the space group to be I4/mcm. 
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Figure 6.5. Observed (black symbols), calculated (red line) and difference (green line) 
neutron diffraction patterns for SrRu0.8Cu0.2O3 at 1.8 K. The data is fitted with monoclinic 
space group P21/m.  
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Table 6.3.  Refined structural parameters and selected bond distances (Å) for SrRu0.8Cu0.2O3 
at 1.8 K. a = 5.5487(8) b = 7.8137(10) c = 5.5872(8)Å β = 90.7480(10)° Vol = 242.22(10)Å3 
Atom x y z Uiso × 10
3
 
Å
2
 
Sr1 -0.0121(8) 0.25 -0.0001(7) 0.38(7) 
Sr2 0.4854(7) 0.25 0.5043(7) 0.44(7) 
Ru/Cu1 0.5 0 0 0.07(8) 
Ru/Cu2 0 0 0.5 0.03(8) 
O1 -0.0024(8) 0.25 0.4518(9) 0.62(11) 
O2 0.5102(8) 0.25 0.0503(8) 0.46(11) 
O3 0.2702(5) -0.0196(4) 0.2684(5) 0.95(5) 
O4 0.2280(6) 0.03319(31) 0.7712(5) 0.29(6) 
 
Ru1- O2 x 2 1.9742(7) Ru2-O1 x 2 1.9719(7) 
Ru1-O3 x 2 1.987(4) Ru2-O3 x 2  1.999(4)   
Ru1-O4 x 2 1.982(4) Ru2-O4 x 2 1.978(4) 
Ru1-O (avg) 1.981 Ru2-O (avg) 1.983 
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Figure 6.6 Lattice parameters (lower), volume (upper) evolution with increased Cu doping 
level in SrRu1-xCuxO3.  The two entries at x = 0.20 correspond to the monoclinic and 
tetragonal phases. 
The results for the Ni doped oxides SrRu1-xNixO3 were very similar to that found for 
the Zn doped series and for the sake of brevity details of these are not described. Figures 6.7, 
6.8, and Table 6.4 are thought to be sufficient for demonstrating the effect of doping on 
structure of the solid solution series.   
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Figure 6.7 Observed (black symbols), calculated (red line) and difference (green line) S-XRD patterns 
for SrRu0.8Ni0.2O3 at room temperature. The data were refined in Pbnm space group; identified NiO 
impurity phase (0.43% by peak intensity) is noted by the star in the inset. 
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Figure 6.8.  Composition dependence of the unit cell volume (upper), and lattice parameters 
(lower) from SXRD refinements for SrRu1-xNixO3. Lattice parameter values for x = 0 were 
taken from the literature
[28]
.  All the parameters are normalised (a/√ , b/√ , c/2) with respect 
to the cubic cell for comparison.
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Table 6.4. Refined parameters for SrRu1-xNixO3 at room temperature from S-XRD analysis (λ = 0.82544Å; space group Pbnm.) 
x =  0.05 0.075 0.1 0.125 0.15 0.175 0.2 
tolerance factor (t) 0.9951 0.9956 0.9961 0.9966 0.9971 0.9976 0.9981 
a (Å) 5.57378(2) 5.57354(2) 5.57336(1) 5.57307(2) 5.57367(1) 5.57359(2) 5.57411(2) 
b (Å) 5.53838(2) 5.53833(2) 5.53850(1) 5.53898(2) 5.53866(1) 5.53934(2) 5.53941(2) 
c (Å) 7.85334(3) 7.85252(3) 7.85088(2) 7.85055(3) 7.84912(2) 7.84857(3) 7.84875(4) 
vol (Å3) 242.430(2) 242.393(8) 242.393(2) 242.339(1) 242.308(1) 242.317(2) 242.348(2) 
Rp (%) 4.35 4.29 3.77 3.83 3.99 4.33 5.33 
Rwp (%) 5.83 5.82 5.07 4.95 5.28 6.08 8.03 
χ2 31.67 7.85252(3) 21.05 19.86 23.47 33.64 69.25 
Ru/Ni-O1 Å) 1.9893(10) 1.9874(8) 1..9843(5) 1.9850(6) 1.9836(5) 1.9887(7) 1.9824(8) 
Ru/Ni-O2  (Å) 1.950(4) 1.958(4) 1.963(4) 1.959(4) 1.969(4) 1.968(5) 1.957(6) 
Ru/Ni-O2  (Å) 2.006(4) 2.000(4) 1.991(4) 1.994(4) 1.984(4) 1.981(5) 1.996(6) 
BVS (Ru) 4.03 4.03 4.05 4.06 4.05 4.06 4.06 
BVS (Zn) 2.48 2.48 2.49 2.50 2.49 2.49 2.50 
Oh distortion  4.21×10-4 2.27×10-4 1.09×10-4 1.69×10-4 0.37×10-4 0.56×10-4 2.00×10-4 
(+) Oh tilting ( °) 4.43 4.61 3.96 3.97 3.83 3.75 3.61 
(-) Oh tilting ( ° ) 8.18 8.12 7.85 7.75 7.83 7.79 7.72 
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6.3.2 Variable temperature structural studies 
Having established that, with the exception of M = Cu, the structures of the 
SrRu0.8M0.2O3 oxides are orthorhombic we next investigated the variable temperature 
structural behaviour of these.  Portions of variable temperature SXRD patterns for 
SrRu0.8Zn0.2O3 are given in Figure 6.9.  Heating the sample results in progressive decrease in 
the intensity of the various superlattice reflections associated with the cooperative tilting of 
the octahedra.  Heating to above 200 °C resulted in the loss of the M-point, but not R-point 
reflections, but splitting of reflections such as the 202/022 was still apparent.  This indicated 
that the sample was orthorhombic in Imma.  Further heating of the sample lead to a reduction 
in the splitting of the 202/022 reflections and above 400 °C such splitting was not longer 
resolved although M-point reflections were still observed.  This is indicative of the tetragonal 
I4/mcm structure.  On heating to above 560 °C no splitting of the various reflections was 
apparent in the SXRD patterns nor were any superlattice reflections observed showing the 
structure to be cubic.  Rietveld refinements were then undertaken and these verified that 
SrRu0.8Zn0.2O3 undergoes three structural phase transitions, namely orthorhombic Pbnm  
orthorhombic Imma  tetragonal I4/mcm  cubic Pm ̅m.  This is the same sequence 
observed for undoped SrRuO3
[28]
.  The thermal evolution of the lattice parameters and unit 
cell volume for SrRu0.8Zn0.2O3, illustrated in Figure 6.10, appears similar to that seen for 
related strontium perovskites including SrZrO3 SrRuO3 and SrTcO3 
[28, 37, 38]
. 
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Figure 6.9 Portions of SXRD patterns for SrRu0.8Zn0.2O3 as a function of temperature.  The peak near 
2θ = 18.5°, labelled*, is from an unknown impurity.  This was only observed in patterns recorded at 
temperatures in the range 240 
°
C ~ 600
°
C and is believed to come from the furnace. 
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Figure 6.10. Temperature dependence of the, appropriately scaled, lattice parameters and unit 
cell volume for SrRu0.8Zn0.2Os as obtained from SXRD measurements.   
That the electronic structure of the dopant is important is clearly illustrated by the 
variable temperature structural studies of SrRu0.8Cu0.2O3.  The structure of this was examined 
using a mixture of SXRD and ND data from 1.8 K to 1000K.  Cooling this to 1.8 K resulted 
in a monoclinic structure in space group P21/m.  Heating this resulted in a first order 
transition to a tetragonal structure in I4/mcm with these two phases co-existing between 
around 170 and 290 K.  Heating SrRu0.8Cu0.2O3  to above 800 K yielded the cubic structure 
(see Figure 6.11). 
The formation of the monoclinic phase and the resulting sequence of structures are 
unusual and appear to be a consequence of the JT active Cu
2+
 cation.  It is noted that 
SrRu0.5Mn0.5O3 adopts the same tetragonal structure seen in  SrRu0.8Cu0.2O3 just above room 
temperature and this also undergoes a           ̅  transition upon heating[16].  
Reducing the Cu content from 0.2 to 0.1 results in the same sequence of transitions as 
observed in undoped SrRuO3 (see Figure 6.12). 
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Figure 6.11.  Temperature dependence of the, appropriately scaled, lattice parameters and 
unit cell volume for SrRu0.8Cu0.2O3 as obtained from SXRD measurements and ND 
measurement (low temperature region). Note: for convenience of expression low temperature, 
unit K is used here and is different from other TM doping.  The hatched region is where the 
two-phases co-exist.  
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Figure 6.12. Temperature dependence of the, appropriately scaled, lattice parameters and unit 
cell volume for SrRu0.9Cu0.1Os as obtained from SXRD measurements and ND measurement 
(low temperature region). The hatched region is where the two-phases co-exist.  
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The behaviour of the Ni-doped oxide SrRu0.8Ni0.2O3 is significantly different to that of 
the analogues Cu and Zn compounds. As illustrated in Figure 6.13, variable temperature  
S-XRD measurements demonstrate this undergoes a first order Pbnm     ̅  transition 
near 390 . Since there is only a very small size difference between Ni
2+
 and Zn
2+
 it is likely 
that  the difference in electronic configurations of these, 3d
8
 and 3d
10
 respectively, may have 
played a major role.  
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Figure 6.13. Temperature dependence of the, appropriately scaled, lattice parameters and unit 
cell volume for SrRu0.8Ni0.2O3 as obtained from SXRD measurements.   
The temperature dependence of the structure of SrRu0.8Co0.2Os was also investigated.  
In this case the diffraction peaks were somewhat broader than that seen in the analogous Zn 
doped sample, see Figure 6.14.  This made definitive identification of the intermediate 
orthorhombic Imma impossible, nevertheless the temperature dependence of the lattice 
parameters, shown in Figure 6.15 suggests this forms over a limited temperature range 270 to 
420 °C.  Recall that the Pbnm and Imma structures differ, in that the former contains both in-
phase and out-of-phase tilts (a
-
a
-
c
+
) whereas the latter contains only out-of-phase tilts  
(a
0
b
-
b
-
)
[32]
.  Since these are both a√2ap×√2ap×2ap (cubic parameter ap) supercell 
distinguishing these requires analysis of the weak superlattice reflections.  The tetragonal 
I4/mcm has the same supercell and only contains out-of-phase tilts.  In an ideal case the Pbnm 
cell is identified by the presence of both M-type superlattice reflections associated with the 
in-phase tilts and R-type superlattice reflections associated with the out-of-phase tilts together 
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with characteristic splitting of diagnostic reflections.  However as seen, for example in 
SrSnO3, high pseudo symmetry of the cell may preclude detectable splitting of the Bragg 
reflections
[39, 40]
.  The presence of peak broadening, due to particle size or microstrain effects, 
can further complicate matters.  In SrRu0.8Zn0.2Os the Imma phase was identified by the 
presence of M-point, but not R-point reflections, and splitting of reflections such as the 
202/022.  In I4/mcm this latter reflection is not split but the M-point reflections are still 
apparent.  Nevertheless the thermal evolution of the lattice parameters (Figure 6.15) suggests 
a transition occurs near 270 °C and another near 420 °C.  Consequently it is concluded that 
SrRu0.8Co0.2O3 display the sequence of structure seen in undoped SrRuO3       
               ̅    
As a consequence of instrument availability variable temperature SXRD data for 
SrRu0.8Fe0.2O3 were only collected to 550 °C.  Examination of these data showed this 
undergoes a           transition near 450°C.  This is somewhat higher than expected 
based on the results described above.  Measurements using a conventional diffractometer 
showed this sample transforms to cubic, via a tetragonal I4/mcm intermediate above 800 °C. 
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Figure 6.14 Portions of SXRD patterns for SrRu0.8Co0.2O3 as a function of temperature.  The 
peaks near 2θ = 19.0°, labelled*, are from an unknown impurity.   
 
Chapter 6 
 
171 
 
242
244
246
248
250
0 100 200 300 400 500 600 700 800 900
3.91
3.92
3.93
3.94
3.95
3.96
3.97
 
 C
el
l 
V
o
lu
m
e 
(Å
3
)
 
Imma
Pbnm
 
 a
 b
 c
L
at
ti
ce
 P
ar
am
et
er
s 
(Å
)
Temperature (°C)
Pm3m
I4/mcm
 
Figure 6.15. Temperature dependence of the, appropriately scaled, lattice parameters and unit 
cell volume for SrRu0.8Co0.2Os as obtained from SXRD measurements.   
The above results clearly demonstrate the importance of electronic factors on the 
structural properties of doped strontium ruthenate.  That doping with Cu can have a profound 
impact on the structure can be rationalised by considering the JT type activity of the Cu
2+
 
cation.  Doping with more than x = 0.2 Mn is reported to stabilise a tetragonal structure
[16]
, 
although for the Mn doped samples there is no evidence for the formation of the monoclinic 
P21/n structure observed for SrRu0.8Cu0.2O3 at low temperatures.  Even in the absence of JT 
active cations such as Cu
2+
 or Mn
3+
 the structures are observed to be sensitive to the dopant 
cation.  Doping with Zn
2+
 (d
10
) or Co
3+
 (d
6
) has little impact on the observed sequence of 
structures whereas Ni
2+
 (d
8
) acts to suppress the formation of the intermediate phases. 
6.3.3 Magnetism and electrical properties 
Magnetic susceptibility measurements demonstrate the presence of ferromagnetism in 
all, but the Cu-doped, samples (Figure 6.16).  Doping results in a general decrease in the 
susceptibility and the Curie temperature, TC, suggestive of an increase in antiferromagnetism.  
The diffraction data shows the dopant cation is randomly substituted for the Ru.  It is possible 
that short range or local ordering of the cations occurs and this could give rise to weak 
antiferromagnetic correlations when the 3d dopant has unpaired electrons.  There is no 
obvious correlation observed between the nature of the dopant cation (in terms of either the 
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electronic configuration or ionic radii) and the suppression of the ferromagnetic coupling that 
involves the Ru 4d band.  For example the magnetic susceptibility of the Mn and Zn doped 
oxides are very similar. As noted SrRu0.8Cu0.2O3 is an exception, and this shows strong 
antiferromagnetic exchange with TN around 50 K.  There is a slight divergence of the field 
cooled and zero filed cooled susceptibility curves for this near 150 K indicative of residual 
ferromagnetism.  The neutron diffraction measurements described above did not show any 
evidence for any magnetic reflections suggesting this is best described as a spin glass, 
reflecting the disorder of the Cu and Ru cations.  This behaviour is similar to that described 
by Nithya et al.
[22]
 and Mangalam et al.
[17]
. Magnetization measurements at 5K shows 
hysteresis loops indicative of ferromagnetic coupling with large coercive fields. 
The inverse ZFC magnetic susceptibilities in the high temperature  paramagnetic 
region were analysed using the using the Curie-Weiss law,    
 
   
  , where χ is magnetic 
susceptibility, C is the Curie Constant, T is absolute temperature (K), and θ  is the Curie 
Temperature.  Linear fits to the inverse ZFC susceptibilities give θ  values (see Table 6.5).  
Experimental effective moment for each sample is obtained using the equation   
 
 
    
  . 
The expected spin only values were estimated assuming Ru
4+
 in the low spin (LS) state with a 
spin-only moment of  2.83μβ and Ru
5+
 of 3.87 μβ.  The experimental magnetic moments are 
typically lower than the theoretical values, Table 6.5.  
The temperature dependence of the resistivity for the various doped species is 
illustrated in Figure 6.17.  This figure shows that, irrespective of the dopant, the samples are 
semi-conductors although there is considerable variation in the resistivity with SrRu0.8Fe0.2O3 
having an activation energy of 0.00009 eV, showing this to have almost metallic 
conductivity, whereas the analogous Mg doped oxide has EA =  0.042 eV (see Table 6.5).  
Only in the undoped material does the resistivity change at the Curie temperature suggesting 
the absence of strong magnetoresistive coupling in the doped samples. 
 
 
 
Chapter 6 
 
173 
 
0
1
2
3
4
5
0.0
0.5
1.0
1.5
0.00
0.25
0.50
0.00
0.05
0.10
0.0
0.5
1.0
1.5
0.0
0.5
1.0
1.5
2.0
0.0
0.5
1.0
1.5
2.0
2.5
0 50 100 150 200 250
0.0
0.5
1.0
1.5
2.0
2.5
 
 
 
 FC
 ZFC
SrRuO
3
Mg
M in SrRu
0.8
M
0.2
O
3
 
Zn
 
Cu
 
Ni
 
Co
 
Fe
 
 
M
ag
ne
ti
c 
S
us
ce
pt
ib
il
it
y 
(e
m
u/
m
ol
.O
e)
Mn
 
Temperature (K)
-1.0
-0.5
0.0
0.5
1.0
SrRuO
3
 
-1.0
-0.5
0.0
0.5
1.0
Mg
 
-1.0
-0.5
0.0
0.5
1.0
Zn
 
-1.0
-0.5
0.0
0.5
1.0
Cu
 
-1.0
-0.5
0.0
0.5
1.0
 
Ni
 
-1.0
-0.5
0.0
0.5
1.0
Magnetic Field (Tesla)
M
ag
ne
ti
sa
ti
on
 (

B
/f
.u
)
Co
 
-1.0
-0.5
0.0
0.5
1.0 Fe
 
-6 -4 -2 0 2 4 6
-1.0
-0.5
0.0
0.5
1.0 Mn
 
 
 
Figure 6.16. ZFC-FC at 1000 Oe(left column) and H/M loop at 5K (right column) The same 
scale is used for all H/M loop to show differences. 
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Table 6.5 Summary of magnetic and electrical measurement results 
 TC (K) C Θ (K) Experimental 
μeff (μB) 
Spin only 
 μeff (μB) 
Ea (eV) 
SrRuO3 163.7 0.947 164.4 2.75 2.828 0 
SrRu0.8Mg0.2O3 157.7 0.51 136.4 2.02 3.033 0.042 
SrRu0.8Zn0.2O3 161 0.58 76.9 2.15 3.033 0.007 
SrRu0.8Cu0.2O3 44/9 (TN) 0.61 40.3 2.22 3.130 0.0015 
SrRu0.8Ni0.2O3 140.5 0.86 -116.8 2.61 3.286 0.039 
SrRu0.8Co0.2O3 158 0.96 127 2.76 3.493 0.0012 
SrRu0.8Fe0.2O3 161 1.82 -2.7 3.81 3.847 0.00009 
SrRu0.8Mn0.2O3 155 0.84 183 2.59 3.548 0.0003 
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Figure 6.17. Temperature dependence of resistivity of SrRu0.8M0.2O3. Note the differences in 
scales between the three panels. 
Chapter 6 
 
175 
 
In an octahedral field the Ru 4d orbitals are split into two subsets t2g and eg and the 
local strains introduced by doping can further split these levels.  At the same time doping 
results in partial oxidation of the Ru
4+
 cations reducing both the number of electrons in the t2g 
band and the overlap of the Ru d-orbitals.  Figure 6.17 suggests that the divalent dopants Mg, 
Zn and Ni have the greatest impact on the resistivity whereas the dopants likely to form 
trivalent cations Mn, Fe and Co have the least effect.  Theoretically in SrRu0.8M0.2O3, when M 
is divalent 0.2 mole M
 2+
 ,0.4 mole Ru
5+
 and 0.4 mole Ru
4+
 form; while in trivalent case 0.2 
mole M
 3+
 , 0.2 mole Ru
5+
 and 0.6 mole Ru
4+
 are expected to be present.  The divalent cations 
are appreciably larger than Ru
4+
 causing the greatest local distortion of the RuO6 octahedra.  
Conversely the higher valence of the dopant the less oxidised the Ru cation. These results are 
in line with various literature reports with, for example the behaviour of SrRuO3 and 
SrRu0.8Mn0.2O3 being very similar to that reported by Sahu et al. 
[41]
.   
 
6.4 Conclusion 
The orthorhombic Pbnm structure of SrRuO3 is found to tolerate low levels of B-site 
substitution by a number of first row transition metals, with the majority of SrRu0.8M0.2O3 
compositions displaying the familiar GdFeO3 structure. SrRu0.8Cu0.2O3 is the exception to 
this; it is found to co-exist as a mixture of a monoclinic P21/m and tetragonal I4/mcm 
structures near room temperature.  Phase pure structures of this were obtained by cooling and 
heating respectively.  It is postulated that Jahn-Teller type distortions are responsible for the 
unusual structural behaviour of SrRu0.8Cu0.2O3, as was also observed in SrRu0.5Mn0.5O3.  The 
impact of the transition metal was apparent in the variable temperature structural studies 
where the stability of the intermediate Imma and I4/mcm structures were found to be sensitive 
to the dopant cation. SrRu0.8Ni0.2O3 was found to be isostructural with SrRuO3 at room 
temperature, but unlike SrRuO3, SrRu0.8Ni0.2O3 undergoes a direct         ̅  
transition upon heating, where both in-phase and out-of-phase tilts are simultaneously lost. 
This behaviour is noticeably different from the rest of the doped series. 
  As found by previous researchers, substitution of the Ru invariably weakens the 
ferromagnetic interactions and reduces TC.  The suppression of ferromagnetism in 
SrRu0.8Cu0.2O3 demonstrates the importance and sensitivity of the local Ru-O-Ru interactions 
on the magnetism.  All the Ru-site doped oxides are all poor metals or semiconductors, and 
there is no coupling between the magnetic transition and conductivity. 
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Chapter 7 
 Structural and Electronic Study on LaCr1-xCuxO3  
 
7.1 Introduction 
Solid oxide fuel cells (SOFC) are of considerable current interest for use 
under a range of conditions from transportation to medium scale power generation 
due to their, perceived, environmental friendliness, high efficiency, long-term 
stability, fuel flexibility, and relatively low cost.  The high operating temperature 
(500 – 1000°C) of SOFC presents major materials challenges for both the electrodes 
and interconnects
[1-4]
.  Metals are good electronic conductors but can be unstable at 
high temperature especially in the oxidizing environments of a SOFC.  Consequently 
conducting ceramics have been identified as candidates for use in SOFC.  Each cell 
of SOFC needs to be connected in series, such that the interconnecting material is 
exposed to both the oxidizing and reducing side of the SOFC at high temperatures. 
Lanthanum chromite, LaCrO3, is a p-type electronic conductor
[5]
 and has a 
high melting point above 2400°C
[6]
.  It is chemically stable and its thermal expansion 
is compatible with the  most commonly employed SOFC electrolyte material,  ionic 
conducting yttria stabilised zirconia (YSZ) over a wide temperature range
[7]
.  These 
properties make LaCrO3 a promising material for use as both electrode and 
interconnect material in SOFC 
[1-3, 8-10]
.  However the sinterability and electrical 
conductivity of pure LaCrO3 are not sufficiently high for use as an interconnect, 
although both can be increased through chemical doping.  Matching the sintering 
behaviour of the electrolyte and electrode is critical to producing an interface 
between them with suitable mechanical adherence, conductivity and low polarization 
losses at the anode.  Poor sintering can result in mechanical stresses such as cracking 
or bending of the electrolyte and anode, significantly reducing the efficiency of the 
fuel cell.  The p-type conduction of LaCrO3 can be improved, although not to 
optimal levels,  by substituting acceptor-type larger divalent cations such as calcium 
and strontium at the A-site of the LaCrO3 
[9-15]
. However poor sinterability remains a 
major issue
[1, 8, 16]
.   Compared to A-site doping relatively less attention has been 
directed towards studies of B-site doped materials LaCr1-xMxO3
[13, 17, 18]
, where M is a 
transition metal.  
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Pure LaCrO3 is a G-type antiferromagnet (AFM) with a Neel temperature 
around 300K
[18-20]
.  It has an orthorhombic GdFeO3-type structure at room 
temperature with space group, Pbnm (No.62)
[21-23]
 and undergoes a first order 
orthorhombic to rhombohedral structural transition at about 530 K
[22-24]
. The 
rhombohedral form is stable at high temperature and it is reported to persist to at 
least 1870K 
[24-26]
.  
Partial replacement of the Cr by a divalent metal requires partial oxidation of 
the Cr, the formation of oxygen vacancies, or both, in order to maintain charge 
neutrality.  Whilst often considered an attractive manner to tune the properties of 
perovskite oxides, aliovalent substitution can place a limit on the stability of the 
structure.  Alternatively electronic effects such as the Jahn-Teller distortion common 
for Mn
3+
 can impact on the structure and stability of the oxides as evident from 
recent studies of Sr1-xCexMnO3, although recent studies of LaCr1-xMnxO3 oxides 
reported that for Mn doping up to x = 0.3 there was minimal impact on the crystal 
and magnetic structures
[18, 27-29]
.  Another Jahn-Teller active cation is the 3d
9(    
   
 ) 
Cu
2+
 cation.  This has a larger ionic radius (0.73Å) than Cr
3+ 
(0.615Å)
[30]
.  In the 
present study the impact of Cu
2+
 doping on the structure, sinterability and electronic 
properties of LaCrO3 are described. 
 
7.2 Experimental 
Polycrystalline samples of LaCr1-xCuxO3 (x = 0, 0.05 …0.3) were prepared by 
conventional solid-state reaction, using La2O3 (Aldrich 99.9%), Cr2O3 (Aldrich 
99.9%) and CuO (Aldrich 99.9%) as starting materials.  The reagents were finely 
mixed as acetone slurry in an agate mortar and pestle before being heated in air at 
1000 °C for 12 hours, and 1200 °C for 48 hours with re-grinding and pelletizing 
before every heating step.  After a final re-grinding, the x ≥ 0.2 samples were heated 
at 1350 °C whereas all other samples were annealed at 1300 °C for 96 hours with  
intermediate grinding and pelletising.  All the samples were furnace cooled down to 
around 100 °C at an approximate cooling rate of 4 °C/min.  All reactions were 
monitored by powder X-ray diffraction with Cu Kα radiation, using a PANalytical 
X'Pert PRO X-ray diffractometer equipped with a PIXcel solid-state detector.  When 
the X-ray diffraction patterns no longer changed and showed no detectable 
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impurities, the synthesis was considered to be complete.  The structures were refined 
by the Rietveld method from Synchrotron X-ray diffraction patterns recorded using 
the powder diffractometer at BL-10 of the Australian Synchrotron 
[31]
.  Data were 
collected at room temperature in an angular range of 5
°
 ≤ 2 ≤ 85° using a X-ray 
wavelength of 0.82554Å, calibrated against NIST SRM660a LaB6.  Each finely 
ground sample was placed in a 0.3 mm diameter capillary that was rotated during the 
measurements.  The Rietveld method, as implemented in the program Rietica 
[32]
, 
was used in the final stages of the data analysis.   
Magnetic susceptibility and electrical resistivity were measured with a 
Quantum Design Physical Property Measurement System (PPMS) system.  The 
microstructure and homogeneity of the samples was examined by scanning electron 
microscopy using a Zeiss EVO50 SEM. The average cationic composition for each 
sample was verified by Energy Dispersive X-ray Spectroscopy (EDS) using the same 
microscope. In all cases the measured values were consistent with the nominal 
compositions. 
7.3 Results and Discussion 
7.3.1 Visual inspection and compositional analysis (SEM-EDS) 
SEM images for the various LaCr1-xCuxO3 samples are displayed in Figure 
7.1.  The crystallinity of the samples appears to increase with increasing Cu amount, 
with the x = 0.15 sample appearing the most crystalline.  Samples with x ≥ 0.25 
showed evidence for phase segregation and x~ 0.2 appears to be the solubility limit 
for samples prepared using solid state methods.   
The SEM images for samples with x ≤ 0.2 demonstrate these are 
homogeneous, and EDS analyses were consistent with these having the target 
stoichiometry.  When x > 0.2, phase segregation was evident and this became more 
apparent as the Cu content was further increased.  As illustrated Figure 7.1(e) the x = 
0.3 sample contained areas that appear to have melted and EDS analysis,  
Figure 7.1(f), demonstrated such areas were Cr-poor; suggesting CuO segregation 
had occurred.  It seems the solubility limit for LaCr1-xCuxO3 is around x = 0.2.  
Further evidences for this, from SXRD measurements, will be described below.  
Previously, Jitaru et al.
[33]
 and Jin et al.
[13]
, have reported the preparation of Ni, Cu, 
and Zn doped oxides with LaCr1-xMxO3 with x up to 0.5; critically they did not 
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present SEM or  structural aspect of these with x above 0.2.  Presumably they may 
have encountered the same phase separation observed here.  Whilst difficult to 
quantify it was observed an increase in the sinterability of the various samples as the 
Cu content was increased.  A similar effect has been noted previously 
[13, 34]
.   
 
Figure 7.1. SEM micrographs of unpolished LaCr1-xCuxO3 samples for (a) x = 0.05, 
(b) x = 0.1, (c) x = 0.15 (d) x = 0.2 and (e) x = 0.3.  (f) illustrates the distribution of 
Cr corresponding to image (e).  
 
7.3.2 Crystal structure of the solid solution series LaCr1-xCuxO3 
The synchrotron X-ray diffraction (SXRD) patterns for the doped  
LaCr1-xCuxO3 (0 ≤ x ≤ 0.3) oxides contained a number of well resolved M-, R- and X-
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point reflections, associated with the presence of in-phase and out-of-phase tilting of 
the corner sharing octahedra.  The diffraction data were well fitted with an 
orthorhombic model in space group Pbnm, tilt system (a
-
 a
- 
c
+
) in Glazer’s 
notation
[35]
.  This is the same structure seen in undoped LaCrO3 
[13, 21-23]
. As a 
representative example, the SXRD pattern for highest doped single phase sample 
LaCr0.8Cu0.2O3 is given in Figure 7.2.  As illustrated in the inset to Figure 7.2 the fit 
of the superlattice reflections is in excellent agreement with the Pbnm model.  A 
representation of the structure is given in Figure 7.3, and the refinement parameters 
for the various single phase samples are listed in Table 7.1.   
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Figure 7.2.  Observed (black symbols), calculated (red line) and difference (green 
line) SXRD pattern for LaCr0.8Cu0.2O3 at room temperature.  The inset highlights the 
weak superlattice reflections indicative of the orthorhombic Pbnm space group.  The 
data were collected at λ = 0.82554 Å. 
That phase segregation occurs for the Cu rich oxides with x > 0.2 was also 
evident in the diffraction patterns.  The majority of the extra peaks seen in Figure 7.4 
could be indexed to a monoclinic cell in space group C2/c with a = 4.684Å, b = 
3.4226Å, c = 5.1288Å, and β = 99.54° indicative of CuO [36].  That x ~ 0.2 is the 
solubility limit for Cu in LaCrO3 is also evident in the composition dependence of 
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the cell volume, which displays marked deviation from Vegard-type behaviour for x 
≥ 0.25 as shown in Figure 7.5.  
 
Figure 7.3. Representation of the structure found for LaCr0.8Cu0.2O3 (a) view from a-
axis (b) view from c-axis.  
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Figure 7.4.  Observed (black symbols), calculated (red line) and difference (green 
line) SXRD pattern for LaCr0.7Cu0.3O3 at room temperature.  The inset shows the 
presence of trace amounts of CuO impurity.  The upper blue markers are for the 
perovskite phases in Pbnm, and the lower, magenta bars, are for CuO.   
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Figure 7.5. Composition dependence of the lattice parameters (bottom) and 
unit cell volume (top) from SXRD refinements for LaCr1-xCuxO3.  All the parameters 
are normalised (a/√ , b/√ , c/2) to the cubic cell for comparison. 
The addition of Cu
2+
 to LaCrO3 may affect the structure through either size 
or electronic effects.  The latter reflects the JT active electronic configuration of Cu
2+
 
with 3d
9
 (    
   
 ).  Altering the effective size of the B-site cation can lead to a change 
in the tilting of the corner sharing BO6 octahedra.  Such tilting is caused by the 
mismatch in size between the cations on the A- and B-sites and its presence is often 
predicted using the tolerance factor (t).  The addition of x mole of Cu
2+
 with ionic 
radius 0.73Å will produce x mole of Cr
4+
 (0.55Å) and (1-2x) mole of Cr
3+
 (0.615Å) 
will remain at the B-site 
[30]
. For such an arrangement, the tolerance factor decreases 
from 0.969 in x = 0 to 0.964 in x = 0.2 (see Table 7.1). This is expected to result in a 
small increase in the magnitude of the tilts. The tolerance factor will increase slightly 
if the Cu is present as Cu
3+
, which has an ionic radius of 0.54 Å; from 0.969 to 0.976 
for x = 0.2. Such an arrangement would result in a very small decrease in the tilts. 
Bond valence sum (BVS) calculations (see Table 7.1) suggest that Cu
2+
 would be 
significantly overbonded and this may contribute to the solubility limit. 
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Table 7.1.Selected structural parameters for LaCr1-xCuxO3 oxides from refinements against synchrotron X-ray diffraction data collected at 295 K. 
x 0 0.05 0.1 0.15 0.2 
 t = 0.969 0.967 0.966 0.965 0.964 
a (Å) 5.51628(1) 5.52202(1) 5.52043(1) 5.52424(1) 5.52510(1) 
b (Å) 5.48000(1) 5.48713(1) 5.48726(1) 5.49199(1) 5.49358(1) 
c (Å) 7.75972(2) 7.76859(1) 7.76822(1) 7.77478(2) 7.77682(2) 
V (Å
3
) 234.5704(9) 235.3869(5) 235.3151(5) 235.8790(9) 236.0468(9) 
Rp(%) 4.26 4.36 3.24 3.41 2.91 
RWP (%) 6.13 6.89 4.24 5.04 3.9 
χ2 7.67 15.77 3.53 10.07 6.32 
La      
x 0.0040(1) 0.0041(1) 0.0037(1) 0.0037(1) 0.0032(1) 
y 0.5192(1) 0.5202(1) 0.5211(1) 0.5214(1) 0.5219(1) 
z 0.25 0.25 0.25 0.25 0.25 
Biso (Å
2
) 0.92(1) 0.46(1) 0.74(1) 0.87(1) 0.86(1) 
Cr/Cu (0 0 0)      
Biso (Å
2
) 0.72(1) 0.35(1) 0.53(1) 0.71(1) 0.68(1) 
O1      
x -0.0604(6) -0.0684(6) -0.0690(5) -0.0681(5) -0.0708(5) 
y -0.0069(8) -0.0087(8) -0.0082(6) -0.0073(6) -0.0093(5) 
z 0.25 0.25 0.25 0.25 0.25 
Biso (Å
2
) 1.32(8) 0.80(5) 1.10(1) 0.92(6) 1.00(6) 
O2      
x 0.2308(9) 0.2251(8) 0.2226(5) 0.2244(6) 0.2231(5) 
y 0.2701(8) 0.2757(6) 0.2770(5) 0.2754(6) 0.2785(5) 
z 0.0322(4) 0.0361(4) 0.0349(3) 0.0362(3) 0.0358(3) 
Biso (Å
2
) 1.41(6) 0.54(4) 0.95(1) 0.79(4) 0.98(4) 
Cr/Cu –O1 (Å) 1.9688(6) 1.9791(7) 1.9795(5) 1.9802(6) 1.9838(6) 
Cr/Cu –O2 (Å) 1.969(5) 1.978(4) 1.974(3) 1.976(3) 1.985(3) 
Cr/Cu –O2 (Å) 1.962(5) 1.974(4) 1.979(3) 1.980(3) 1.975(3) 
Cr BVS 3.11 3.03 3.02 3.01 2.99 
Cu BVS 2.76 2.68 2.68 2.67 2.65 
+ tilt (°) 4.49 2.94 3.09 2.91 3.26 
-  tilt (°) 9.51 10.13 10.18 10.11 10.32 
Δd 1.62×10-6 1.04×10-6 1.60×10-6 0.97×10-6 1.53×10-6 
The Cr and Cu are disordered at (000).  BVS calculations assume Cr
3+
 and Cu
2+ 
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The orthorhombic Pbnm structure is characterised by two independent octahedral tilts, 
ψ and φ, where ψ is an out-of-phase tilt about the pseudocubic 110 axes, and φ is an in-phase 
tilt about the pseudocubic 001 axis.  The octahedral tilt angles in orthorhombic Pbnm 
perovskites can be obtained from the displacement of the O2 oxygen atoms from (¼ ¼ 0) to 
(¼-u ¼+v w). The out-of-phase tilting is estimated by         where   
   
 
.  The in-
phase tilt is estimated by the average of       √   and        √    , where x is the 
coordinate of the O1 anions
[37, 38]
.  There were no noticeable trends in the tilts with increasing 
Cu content, and the calculated values of these are listed in Table 7.1.  This possibly reflects 
the approximate consistence of the tolerance factor. 
Tseggai et al.
[18]
 reported a minor increase in the octahedral distortion present in the 
Mn
3+
 substituted oxides LaCr1-yMnyO3, reflecting the JT activity of the Mn
3+
 cation.  The 
octahedral distortion can be quantified from the anisotropy in the individual B-O bond 
lengths as Δd =1/6 ∑                 
2
  , where    is the individual B-O bond distance 
and    is the average of these distances[39].  The observed Δd values are extremely small and 
there is no evidence for a systematic change in the distortion as the Cu content was increased 
in LaCr1-xCuxO3 (Table 7.1).  This suggests there is a lack of coherence in the distortion of 
the BO6 octahedra as a consequence of their random distribution in the structure.   
7.3.3 Magnetism and Electrical Conductivity 
Due to the presence of impurity phases in samples with x > 0.2, magnetic and 
electrical conductivity measurements were limited to samples with x ≤ 0.2.  The magnetic 
susceptibility versus temperature T with an applied magnetic field H = 1000 Oe is plotted in 
Figure 7.6 for these samples.  Data were collected under both field cooled and zero field 
cooled conditions and a noticeable branching of the curves occurs for all samples, see Figure 
7.6.  It is apparent that Cu doping depresses the magnetic transition TN from near 300 K in 
LaCrO3 to around 225 K in LaCr0.8Cu0.2O3.  Due to the proximity of TN to room temperature 
it was not possible to obtain acceptable Curie-Weiss fits to the inverse susceptibility data. 
Neumeier and Terashita 
[40]
 observed that straightening of the Cr-O-Cr bond angle 
towards 180 ° enhances the strength of the magnetic exchange in the related La1-xSrxCrO3 
series.  A similar trend is observed here with Cu doping reducing both TN and the average 
Cu-O-Cu angle, see Table 7.2, and it appears that the Cu doping leads to a slight reduction in 
the Cr-O-Cr bond angles.  The correlation between TN and bond angle is influenced by 
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changes in the d-orbital occupancy and additional analysis such as DFT calculations would 
be required to establish the relative importance of such effects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6.   
Temperature dependence 
of the ZFC-FC magnetic 
susceptibility for  
LaCr1-xCuxO3 
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Magnetisation measurements were performed at 5 and 100 K and the results for all the 
samples were extremely similar.  As an example, the hysteresis loop of LaCr0.85Cu0.15O3 is 
illustrated in Figure7.7.  One feature of the hysteresis loop is that no saturation is observed 
possibly due to a canted AFM spin structure.  Neutron diffraction is required to confirm this. 
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Table 7.2.  Refined Cr-O-Cr bond angles for LaCr1-xCuxO3. 
Cr-O-Cr bond angle x = 0 x = 0.05 x = 0.10 x = 0.15 x = 0.2 
Cr(Cu)-O1-Cr(Cu) (°) 158.4(1) 157.8(2) 157.6(2) 157.9(2) 157.1(2) 
Cr(Cu)-O2-Cr(Cu) (°) 160.7(1) 160.0(2) 159.9(2) 159.9(2) 159.5(2) 
Average (°) 159.56 158.9 158.8 158.9 158.3 
Neel Temperature (K) 290 272 255 229 213 
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Figure 7.7. Field dependence magnetisation of LaCr0.85Cu0.15O3 at 5K and 100K. 
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Figure 7.8. Temperature dependence of resistivity of LaCr1-xCuxO3. 
The temperature dependence of the dc electrical resistivity for the two samples, 
 x = 0.05 and 0.20, were measured in the temperature range 160 to 300 K and the results are 
illustrated in Figure7.8.  No features are apparent around TN for either samples, suggesting 
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weak coupling between the charge carriers and the magnetism.  The activation energy for 
these was estimated from a linear fit of ln(1/R) vs 1/T and was found to decrease with 
increasing Cu-doping, from 0.23eV for x = 0.05 to 0.16 eV for x = 0.2.  These results are 
similar to those reported by Jin et al.
[13]
 who reported an activation energy for LaCrO3 to be 
0.25 eV.  This indicates that Cu doping effectively increases the conductivity of LaCrO3.  
Evidently the presence of the mixed Cr
3+/4+
 state acts to increase the conductivity.  The 
importance of the d-electron occupancy in doped LaCrO3 is also evident from studies of 
La0.9Sr0.1(Cr1-yMny)O3 
[41]
. These results should be considered as a guide to the general 
behaviour and are likely to be influenced by grain boundary effects due to the polycrystalline 
nature of the samples.  Measurements on single crystals or high-quality thin films are 
necessary to fully investigate the electrical conduction properties of this system. Nevertheless 
it is clear that Cu doping increases the conductivity which is a requirement for use of these 
oxides in SOFC. 
 
7.4 Conclusion 
A series of Cu doped oxides of the type LaCr1-xCuxO3 has been prepared using solid 
state methods.  Using such methods the solubility limit of Cu was found to be around x = 0.2; 
with attempts to prepare more heavily doped samples resulting in phase separation.  SEM 
measurements indicated an increase in the sinterability of the samples upon Cu doping.  The 
structures of the samples were established by Rietveld refinements against synchrotron X-ray 
powder diffraction data that revealed the oxides are all orthorhombic in space group Pbnm.  
Magnetic measurements demonstrate the oxides to be antiferromagnetic with TN reducing as 
the Cu content increased. Samples were found to be semiconductors, but the conductivity 
appears suitable for use in solid oxide fuel cells.   
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Appendix 
 The data presented in this appendix is contained on the compact disc on the inside 
back cover of this thesis. This includes all the data and input files for the conventional X-ray 
diffraction and synchrotron X-ray diffractions utilised during this thesis work. To allow the 
reader to run these, up-to-date version Rietica is included in the CD. It can also be freely 
downloaded from the link below: http://www.rietica.org/download.htm . GSAS can be 
downloaded from the GSAS homepage on the CCP14 crystallographic server at 
http://www.ccp14.ac.uk/solution/gsas/. The data contained on this disc represents a record of 
the majority of the work presented in this thesis 
